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Abstract 
 
For 130 years dinosaurs have been divided into two distinct clades – Ornithischia and Saurischia.  
This dissertation looks at the earliest evolution of the clade Dinosauria by focusing upon the 
interrelationships of the major subsidiary clades within it. It does this following examination, 
comparison and description of early dinosaur material, and by utilising modern phylogenetic analysis 
techniques, to rigorously and objectively test the fundamental groupings within the clade Dinosauria 
using a newly compiled dataset of early dinosaurs and other dinosauromorphs (= close dinosaur 
relatives). The current consensus on how the principal clades within Dinosauria (Theropoda, 
Sauropodomorpha and Ornithischia) are related to one another is challenged by the results of these 
analyses. This study finds, for the first time, a sister-group relationship between Ornithischia and 
Theropoda, here termed Ornithoscelida. Consequently, a new definition for Dinosauria is presented, 
as the historic definition would exclude all members of Sauropodomorpha from the clade. As well as 
this, I propose revisions to the definitions of each of the principal dinosaurian sub-divisions and 
propose a new timeframe and geographic setting for the origin of Dinosauria. These new hypotheses 
force re-evaluations of early dinosaur cladogenesis and character evolution, suggest the independent 
acquisition of hypercarnivory in multiple dinosaur groups and offers an explanation for many of the 
anatomical features previously regarded as striking convergences between theropods and early 
ornithischians. 
As well as presenting new anatomical data on many early dinosaurs and dinosauromorphs, including a 
comprehensive re-description of the postcranial anatomy of Lesothosaurus diagnosticus (Chapter 2), 
and a new anatomical dataset of early dinosaurs (the largest ever compiled), this thesis goes on to 
implement the new dataset to investigate a number of important outstanding questions about early 
dinosaur evolution and provides new lines of enquiry for future workers to pursue. The results of this 
thesis reveal the oldest known members of the dinosaurian clades Theropoda and Sauropodomorpha 
(Chapter 6), as well as a new clade within Ornithischia; a taxon previously thought to represent a 
derived theropod has been recovered as a potential ‘missing link’ between theropods and 
ornithischians using the new dataset. 
This work now provides a unique tool for the assessment of the phylogenetic affinities of early 
dinosaurs and dinosauromorphs and, once published, will hopefully become the benchmark dataset for 
palaeontologists working in this area. 
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‘‘Although many pages have been written discussing the 
mystery of the extinction of the dinosaurs, almost as much 
uncertainty surrounds their origin. . .’’  
– Cox 1976  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Chapter 1 
Introduction 
 
1.1 What are Dinosaurs? In a modern cladistic context, dinosaurs are the members of a monophyletic 
clade of reptiles, inclusive of birds, within the archosaur lineage Avemetatarsalia (Bakker & Galton 
1974; Gauthier 1986; Novas 1996; Sereno 1999; Langer & Benton 2006; Ezcurra 2010; Nesbitt 2011; 
Nesbitt et al. 2017). The name Dinosauria was coined by Sir Richard Owen (1842) as a group 
containing three extinct reptiles: Megalosaurus, Iguanodon and Hylaeosaurus. Subsequently, the 
definition of Dinosauria has been expanded to comprise ‘the least inclusive clade that includes Passer 
domesticus (house sparrow) and Triceratops horridus’ (Padian & May 1993; Sereno 1998; Sereno 
2005; Nesbitt 2011); i.e., the clade contains all taxa descended from the most recent common ancestor 
(MRCA) of Passer domesticus and Triceratops horridus, but no others, and includes all birds (Aves). 
Within Archosauria (the group that contains crocodiles and birds), Dinosauria falls within the lineage 
that would eventually give rise to birds (Avemetatarsalia), and are untied with pterosaurs and a 
number of other taxa in the more exclusive clade Ornithodira (Gauthier 1986; Padian 1997; Benton 
1999; Nesbitt et al. 2017). As a clade within Archosauria, Dinosauria is an extremely diverse and 
long-lived clade and encompasses numerous extant and extinct groups. Originating in the Triassic 
Period, from a lineage within Ornithodira, dinosaurs rose in prominence and eventually came to 
dominate most terrestrial ecosystems in the final two periods of the Mesozoic Era, the Jurassic and 
Cretaceous. As a result, Dinosauria is one of the most important and best studied groups of terrestrial 
tetrapods in Earth’s history. The extant members of Dinosauria, birds, are represented by almost 
10,000 species and are distributed globally (Prum et al. 2015; Starrfelt & Liow 2016). Fewer extinct 
dinosaur taxa are currently known (~1000 valid taxa), but, just like extant members of the clade, 
evidence for extinct members of Dinosauria has been found on every continent (Weishampel et al. 
2004). The global record of dinosaurs stretches back from the modern day to the Carnian (~ 231Ma), 
or possibly the Anisian (~ 242Ma), stage of the Triassic Period (Brusatte et al. 2010; Ezcurra 2010; 
Langer et al. 2010; Nesbitt et al. 2010, 2013; Nesbitt 2011). The extinct dinosaurs also show a 
remarkable level of diversity and disparity, ranging widely in body size, body mass, stance, method of 
locomotion and diet (Weishampel et al. 2004; Brusatte et al. 2010; Ezcurra 2010). While a substantial 
amount of information has been published on the anatomy, palaeobiology, taxonomy and systematics 
of dinosaurs since the creation of Dinosauria by Owen (1842), and on the various subsidiary clades 
within it, the origin of this globally significant clade remains less well studied. However, recent 
discoveries have renewed interest in dinosaur origins and have shed some light on the early stages of 
ornithodiran and dinosaur evolution (e.g., Sereno et al. 1993; Dzik 2003; Nesbitt et al. 2009a, b, 2010, 
2013; Ezcurra 2010; Cabreira et al. 2011, 2016; Martinez et al. 2011; Kammerer et al. 2012; Peecook 
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et al. 2013). The publication of several phylogenetic analysis of early dinosaurs and close dinosaur 
relatives has started to answer questions about how the earliest dinosaurs are related to both non-
dinosaurian precursors and to each other (e.g., Yates 2003, 2007; Langer & Benton 2006; Ezcurra 
2010; Nesbitt 2011). Nevertheless, the interrelationships among the earliest dinosaurian and 
dinosauromorph taxa are still controversial and poorly understood (e.g., Ferigolo & Langer 2007; 
Ezcurra 2010; Nesbitt 2011; Cabreira et al. 2016). 
 
1.1.1 Historical Classifications of Dinosaurs. Following the creation of Dinosauria by Owen (1842), 
various specialists began to propose refinements and classificatory systems to accommodate the 
increasing range and variety of taxa that were described subsequently. Cope (1866) proposed a system 
of classification based around aspects of the hip and legs, coining the names Orthopoda, Goniopoda 
and Symphopoda. The Orthopoda were described as dinosaurian taxa that exhibited plantigrade or 
digitigrade hind-limbs as well as a ‘bird-like’ pelvic anatomy; the Goniopoda were described as 
exhibiting ‘angled feet’, in which the fibula wraps distally around the tibia (this anatomical feature 
was actually a misinterpretation of the articulation between the tibia and the astragalus, a bone of the 
ankle); and the Symphopoda were described as exhibiting ‘grown-together feet’ (interpreted as 
possession of fused metatarsals) (Cope 1866). In the same year, Haeckel (1866) proposed 
Harpagosauria as a group to contain Megalosaurus, Plateosaurus and Pelorosaurus, but not 
Iguanodon. Haeckel (1866) considered Harpagosauria to represent carnivorous dinosaurs (so little was 
known of these animals at the time that Plateosaurus [a probable omnivore] and Pelorosaurus [and 
undoubted herbivore] were considered as carnivores). Cope (1870) considered Harpagosauria to be 
synonymous with his own carnivorous group Goniopoda (which he created to contain Lealaps [now 
Dryptosaurus] and Streptospondylus). This disputed grouping appears, from an historical perspective, 
to be similar to what most later researchers would call Saurischia, as it contains accepted 
representatives of both sauropodomorph and theropod groups as currently recognised (Cope 1870). 
Theropoda was created by Marsh (1881) as a discrete “suborder” to include carnivorous dinosaurs 
such as members of the newly discovered and described Allosauridae. In later works this “suborder” 
was expanded in content to include the dinosaurian families Megalosauridae, Compsognathidae, 
Ornithomimidae, Plateosauridae, Anchisauridae and Hallopodidae and upgraded in rank to the level of 
an order (Marsh 1882, 1884, 1896). Theropoda, by virtue of its inclusive and comprehensive nature, 
was adopted by most workers, while the group term, which had priority – Goniopoda – simply fell out 
of use for the carnivorous dinosaurs. Huxley (1870) and Seeley (1887) also proposed their own 
schemes of dinosaur classification. Huxley (1870) created Ornithoscelida to contain the taxa 
encompassed within four groups that he named Compsognatha, Iguanodontidae, Megalosauridae and 
Scelidosauridae. By contrast, Seeley (1887, 1888) erected the currently almost universally accepted 
suborders Saurischia and Ornithischia. Seeley (1887, 1888) focused his attention upon the clear 
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differences in the hip structure seen in these two subdivisions, as well as some observed similarities in 
the skeletal pneumaticity of some saurischian taxa, while at the same time drawing parallels with a 
number of extant taxa. Fundamentally, Seeley’s dinosaurian taxa possessed either a ‘bird-like’ pelvic 
anatomy (i.e., a retroverted pubis), such as Iguanodon, and were referred to Ornithischia; in contrast 
those that possessed a more ‘lizard-like’ hip (i.e., with a forward facing pubis) were referred to 
Saurischia. These clear and decisive differences in anatomy led Seeley (1887, 1888), and most other 
dinosaur workers in the century following his proposal, to believe that these two groups were not 
closely related and that Saurischia and Ornithischia were not descended from a single common 
ancestor (e.g., Romer 1956; Charig et al. 1965). Be that as it may, this system of classifying dinosaurs, 
as either ornithischian or saurischian, has prevailed ever since.  
As discovery of more dinosaur taxa continued, alternative (or additional) groupings were continually 
proposed during the latter half of the 19th Century; many of these have survived to the modern day, 
although not always in exactly in the same form as originally proposed. For example, Marsh (1878, 
1880, 1881) proposed that all known dinosaurs could be grouped into Sauropoda, Stegosauria, 
Ornithopoda and Theropoda. Although this overall scheme is no longer followed, each of these groups 
are still recognised and constitute valid clades within Dinosauria. Generally speaking, since the time of 
Seeley, Saurischia and Ornithischia have been universally adopted as valid monophyletic groupings. 
Saurischia contains the theropods and sauropodomorphs, with some schemes also including the 
herrerasaurids as either theropods or non-theropod saurischians (Bakker & Galton 1974; Gauthier 
1986; Yates 2003, 2007; Langer & Benton 2006; Ezcurra 2010). Ornithischia was treated as a distinct 
monophyletic clade, descended from a different set of ‘thecodont’ (= primitive archosaur) ancestors 
than the saurischians (e.g., Charig et al. 1965). The implication of this line of argument was that, 
ultimately, the Dinosauria (as conceived by Owen) was polyphyletic and from a classificatory 
perspective the name should only be used in an informal sense since it could not be considered to be 
monophyletic.  
A hypothesis proposing dinosaur monophyly was first advocated in a short article on dinosaur 
relationships by Bakker & Galton (1974). This suggestion was consolidated using cladistic methods by 
Gauthier (1986). As a direct result of these and further analyses that supported this proposition, 
Ornithischia and Saurischia came to be established as monophyletic sister-taxa within the clade 
Dinosauria: this hypothesis of relationships has been accepted by all the principal workers in this field 
(e.g., Bonaparte 1976; Novas 1996; Sereno 1997, 1999; Yates 2003, 2007; Langer & Benton 2006; 
Nesbitt et al. 2009b; Brusatte et al 2010; Ezcurra 2010; Sues et al. 2011). It may be noted that there 
have been just two exceptions to the widespread acceptance of dinosaur monophyly. 
“Phytodinosauria” was proposed by Paul (1984) and then Bakker (1986) in order to contain the 
herbivorous dinosaur groups Ornithischia and Sauropodomorpha; and a more recent suggestion by 
Ferigolo & Langer (2007) has proposed that ornithischians may have been descended directly from 
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silesaurids. However, neither of these hypotheses of dinosaur/non-dinosaur interrelationships are well-
documented, and only the latter has been supported by a numerical cladistic analysis (Cabreira et al. 
2016). Generally speaking, neither of these alternative hypothesis are well supported (Nesbitt et al. 
2009; Brusatte et al. 2010; Ezcurra 2010; Nesbitt 2011; Sues et al. 2011; Holliday & Nesbitt 2013).  
 
1.1.2 Modern Phylogenetic Analyses of Dinosaurs. With the advent of cladistic approaches to 
systematics in the early 1980s, numerous studies have focused upon the questions of dinosaur origins, 
interrelationships and evolution (e.g., Gauthier 1986; Novas 1996; Sereno 1999; Yates 2003; Benton 
2004; Langer & Benton 2006; Ezcurra 2006; Yates 2007; Ezcurra 2010; Langer et al. 2010; Nesbitt 
2011; Martinez et al. 2011; Cabreira et al. 2016). These studies have ranged considerably in terms of 
the number of taxa that they contain and the number of characters used. Additionally, the range of 
sampled taxa and characters has varied, with some studies focusing more on one particular dinosaur 
group over others (e.g., Yates 2003, 2007; Ezcurra 2006; who both concentrated primarily on early 
saurischians). In every one of these studies, the original division of the monophyletic Dinosauria into 
two sub-clades: Ornithischia and Saurischia, as originally proposed by Seeley (1887, 1888), has been 
recovered. The different topologies recovered by these phylogenetic analyses, as well as others that 
recovered less traditional schemes, are shown in Figure 1.1. 
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<Figure 1.1. Cladograms showing some of the principal hypotheses proposed for the interrelationships of 
dinosaur clades and non-dinosaurian dinosauromorphs. (A), A ‘traditional’ model of dinosaur relationships, with 
a Sauropodomorpha-Theropoda sister-taxa relationship in the clade Saurischia, with Ornithischia forming its 
monophyletic outgroup (also with the clade Silesauridae forming the sister group to Dinosauria) from Nesbitt 
(2011). (B), Cladogram showing the scheme proposed by Paul (1984) and Bakker (1986) in which the two 
herbivorous clades, Ornithischia and Sauropodomorpha form a monophyletic grouping, Phytodinosauria, with 
Theropoda forming its monophyletic outgroup. (C), Cladogram showing a scheme in which Herrerasauridae falls 
outside of the Theropoda-Sauropodomorpha dichotomy, a grouping that was given the name Eusaurischia by 
Padian et al. (1999) to include all saurischian dinosaurs except herrerasaurids. This scheme was recovered by the 
analysis of Ezcurra (2010) but not by Nesbitt (2011). (D), Cladogram showing the proposal by Ferigolo & 
Langer (2007), in which Ornithischia and Silesauridae were united into a clade that formed the sister-clade to 
Saurischia.  
 
While dinosaur systematics has received a lot of attention the majority of phylogenetic studies 
concentrating on the earliest divergences within Dinosauria have been limited to include only a 
handful of the relevant taxa and incorporate numerous a priori assumptions regarding the relationships 
within and between the higher taxonomic groups included (e.g., Yates 2003, Langer & Benton 2006). 
Most recent studies on basal dinosaur relationships have tended to focus on one or two dinosaur clades 
(usually within Saurischia as a whole), with Ornithischia represented as either a single supraspecific 
taxon or by a very limited sample of basal ornithischians, usually limited to either Heterodontosaurus, 
Lesothosaurus and/or Pisanosaurus (Yates 2007; Nesbitt et al. 2009b; Ezcurra 2010; Nesbitt 2011; 
Sues et al. 2011). No studies on early dinosaur relationships includes an adequate sample of early 
ornithischians and the majority exclude ‘pivotal’ taxa from other major dinosaur and dinosaur stem-
lineages (e.g., Langer & Benton 2006; Yates 2007; Ezcurra 2010; Martinez et al. 2011). Furthermore, 
and possibly in part due to the unique anatomy of ornithischians, many studies on early dinosaur 
evolution tend to score ornithischian taxa only for characters that are thought to be either dinosaur 
symplesiomorphies or characters related to ornithischian monophyly (Langer & Benton 2006; Nesbitt 
et al. 2009b). As a result, these studies lack objectivity because they incorporate numerous untested 
assumptions regarding dinosaur (particularly ornithischian) character evolution. 
In all modern phylogenetic studies, Ornithischia has been consistently recovered as monophyletic 
(e.g., Ezcurra 2006, 2010; Langer & Benton 2006; Nesbitt 2011). However, as stated above, these 
studies failed to include a broad range of ornithischian taxa (Ezcurra 2006, Nesbitt 2011) and others 
only score the clade as a single supra-specific operational taxonomic unit (OTU) (Yates 2003, Langer 
& Benton 2006, Ezcurra 2010). As will be shown herein, this practice is problematic, as a number of 
anatomical features that are present in ornithischian taxa, particularly basal forms such as 
Heterodontosaurus and Eocursor, have previously been regarded as being present only in 
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saurischians. Butler et al. (2007, 2008) identified some of these features and many have been noted by 
other authors, such as Nesbitt (2011), Padian (2013) and Galton (2014). However, the true distribution 
of these features (see below) around the stem of the dinosaur tree, and what they may imply in terms 
of dinosaur evolution, has never been formally tested in any phylogenetic analysis that includes a 
broad range of ornithischian taxa in addition to large samples of theropod, sauropodomorph and non-
dinosaurian dinosauromorph taxa. Compounding this problem is the relative rarity of ornithischian 
taxa in the Triassic. Currently, very few early ornithischian taxa are known that can be confidently 
dated to the Triassic Period; only Pisanosaurus mertii, an unnamed heterodontosaurid specimen and 
Eocursor parvus have been proposed to be from Triassic-aged strata (Casamiquela 1967; Butler et al. 
2007; Irmis et al. 2007; Butler 2010; Nesbitt 2011), and there exists the possibility that Eocursor 
parvus and the unnamed heterodontosaurid are actually from Early Jurassic horizons (Olsen et al. 
2011). Furthermore, the ornithischian affinities of Pisanosaurus mertii are also difficult to establish 
with confidence as the specimen is fragmentary and lacks many of the definitive characteristics that 
would confidently allow referral to Ornithischia. Overall, the uncertainties surrounding both the dating 
and relationships of the earliest members of Ornithischia, the depauperate nature of the early 
ornithischian fossil record and the historical overshadowing of the clade by Saurischia have limited 
what we currently know about early dinosaur evolution and the true nature of dinosaur 
interrelationships.  
Despite receiving a considerable amount of attention, the saurischian part of the dinosaur clade has 
remained surprisingly unstable. Numerous hypotheses have been proposed for the arrangement of taxa 
closest to its base, with two of the main issues of contention being the phylogenetic positions of 
herrerasaurids and Eoraptor (Nesbitt et al. 2009b; Ezcurra 2010; Martinez et al. 2011; Nesbitt 2011; 
Novas et al. 2011; Sereno et al. 2012). Padian et al. (1999) erected Eusaurischia to contain all but the 
basal-most members of Saurischia, however, Nesbitt (2011) found this clade to be synonymous with 
Saurischia, with Eoraptor, Herrerasaurus and Staurikosaurus being recovered  (in that analysis) as 
members of Theropoda. The monophyly of Sauropodomorpha has been widely accepted for decades 
(Charig et al. 1965; Ezcurra 2006, 2010; Langer & Benton 2006), and many major recent studies 
include a wide range of early, basal sauropodomorphs (Yates 2003, 2007; Upchurch et al. 2007; Pol et 
al. 2011, McPhee et al. 2014). However, these studies tend to be focused upon resolving the 
interrelationships further up the tree within Sauropodomorpha (the question of sauropodomorph 
monophyly is assumed or regarded as established) and offer nothing in relation to an understanding of 
the fundamental relationships at the base of the dinosaurian tree (Yates 2003, 2007; Upchurch et al. 
2007; Pol et al. 2011; McPhee et al. 2014). Most recently, the studies of Nesbit et al. (2009), Martinez 
et al. (2011), Nesbitt (2011) and Sues et al. (2011) have recovered a traditional Saurischia, with 
Theropoda and Sauropodomorpha as the two subsidiary clades.  
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In order to rigorously and objectively test the key interrelationships among early dinosaurs and close 
relatives of dinosaurs within Archosauria more generally (i.e., among other avemetatarsalians), and 
what they mean for our understanding of dinosaur evolution, this study has focused upon taxa within 
the often overlooked ornithischian lineage and carried out a novel phylogenetic analysis of basal 
Dinosauria and dinosauromorphs using the largest and most comprehensive dataset set of these taxa 
ever assembled. Although this study has drawn upon data accumulated by numerous previous studies, 
no prior assumptions were made about correlated patterns of character evolution or dinosaur 
interrelationships when assembling this dataset or running the analyses. 
 
1.2 Terminology. The phylogenetic definition of Dinosauria, in its current form, is based around the 
supposed shared common ancestry of ornithischian dinosaurs and modern birds; Dinosauria is defined 
as the least inclusive clade that includes Passer domesticus and Triceratops horridus (Sereno 2005). 
Currently, this clade includes all members of the three main constituent clades within Dinosauria, 
membership of which has been relatively stable over the past three decades, with the exception of a 
handful of contentious early taxa, for example Herrerasauridae and Eoraptor lunensis. The three major 
subsidiary clades within Dinosauria are currently Sauropodomorpha, Theropoda and Ornithischia, 
with the latter generally accepted to be distinct from the former two, which are united into Saurischia. 
It is worth noting that the definition of Dinosauria given by Sereno (2005) relies upon the idea that 
Ornithischia and Saurischia are distinct clades within Dinosauria and that Theropoda falls within 
Saurischia. The taxa that Sereno (2005) chose to use in this definition are a well nested theropod 
saurischian species (Passer domesticus) and a well nested ornithischian species (Triceratops 
horridus), and their utilisation brackets all other known dinosaur taxa within the most commonly 
accepted hypothesis of dinosaur interrelationships. However, one problem with this definition is that it 
only provides a bracket around taxa that are generally accepted to be dinosaurs if the current 
hypothesis of dinosaur evolution and interrelationships is correct. Alternate hypotheses about dinosaur 
and dinosauromorph evolutionary relationships would alter, in some instances drastically, the taxa that 
are encompassed by this definition. For example, should any members of the three main dinosaurian 
clades be found to have diverged from the dinosaurian lineage before the most recent common 
ancestor of Passer and Triceratops then they would not be considered dinosaurs. Furthermore, should 
the fundamental relationships between the three main clades within Dinosauria be changed from those 
favoured by current hypotheses, some clades could be excluded. For example, if the Phytodinosauria 
hypothesis was accepted (Paul 1984; Bakker 1986), the taxa included within Dinosauria would not 
differ from those included within it currently, as Sauropodomorpha would remain within the bracket 
defined by Passer and Triceratops. However, if Theropoda and Ornithischia were found to be more 
closely related to each other than either are to Sauropodomorpha, then Sauropodomorpha would fall 
stem-ward of the bracket defined by Passer and Triceratops and, therefore, all sauropodomorphs 
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would fall outside Dinosauria. This instability is an area that needs to be addressed and is covered in 
detail in Chapter 4.  
Saurischia is currently defined as the most inclusive clade containing Passer domesticus (Theropoda) 
and Saltasaurus loricatus (Sauropodomorpha) but not Triceratops horridus (Ornithischia) (Sereno 
2005). As with the current definition of Dinosauria, the definition given by Sereno (2005) for 
Saurischia relies upon an assumed sister-taxon relationship between Theropoda and Sauropodomorpha 
and the phylogenetically distinct nature of Ornithischia. As a stem-based definition, this definition of 
Saurischia would include taxa that fall stem-ward of the most recent common ancestor of Passer 
domesticus and Saltasaurus loricatus in the saurischian line of the dinosaurian tree. Under certain 
phylogenetic hypotheses, this would include Herrerasauridae and Eoraptor lunensis as a grade of 
saurischian taxa outside of what Padian et al. (1999) termed Eusaurischia, i.e., the least inclusive clade 
that includes Passer domesticus and Saltasaurus loricatus.  
Ornithischia is currently defined as the most inclusive clade containing Triceratops horridus but not 
Passer domesticus or Saltasaurus loricatus (Sereno 2005). This definition is considerably more stable 
than the current definitions for Dinosauria and Saurischia as any arrangement of the three fundamental 
clades within Dinosauria would still result in the same set of taxa being included within Ornithischia 
as currently conceived.  
Theropoda is currently defined as the most inclusive clade containing Passer domesticus but not 
Saltasaurus loricatus (Sereno 2005). This definition currently results in all non-sauropodomorph 
saurischian taxa being included as theropods, provided no taxa are recovered stem-ward of the most 
recent common ancestor of Passer domesticus but not Saltasaurus loricatus in the saurischian lineage. 
In hypotheses where taxa such as Herrerasauridae and Eoraptor lunensis are recovered outside of what 
Padian et al. (1999) called Eusaurischia, Theropoda only includes non-sauropodomorph eusaurischian 
taxa, i.e., Theropoda does not include Herrerasauridae and Eoraptor lunensis. Nesbitt (2011) 
recovered Herrerasauridae and Eoraptor lunensis in a position that was closer to Passer domesticus 
than it was to Saltasaurus loricatus, making Herrerasauridae and Eoraptor lunensis members of 
Theropoda. Nesbitt (2011) concluded that Eusaurischia contained the same set of taxa as Saurischia 
and was therefore invalid, having junior status with respect to Saurischia. Neotheropoda is a clade 
within Theropoda and is currently defined as the least inclusive clade containing Coelophysis bauri 
and Passer domesticus (Sereno 2005; Nesbitt 2011). This more exclusive clade within Theropoda does 
not include taxa such as Herrerasauridae and Eoraptor lunensis in any current hypotheses, regardless 
of whether they are recovered within the ‘eusaurischian’ group or outside of it. Other theropod taxa, 
such as Tawa hallae and Daemonosaurus chauliodus are also believed to fall outside of Neotheropoda 
within in the theropod lineage, at least within current hypotheses of saurischian and dinosaurian 
evolution (Nesbitt et al. 2009b; Sues et al. 2011). 
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Sauropodomorpha is currently defined in one of two different ways; either as the most inclusive clade 
including Saltasaurus but not Tyrannosaurus rex (McPhee et al. 2014; sensu Taylor et al. 2010), or as 
the most inclusive clade containing Saltasaurus loricatus but not Passer domesticus or Triceratops 
horridus (Sereno 2005; Nesbitt 2011). Of the two, the latter is more stable as it does not rely upon the 
supposed relationships between the three major dinosaurian clades. As with the current definition of 
Ornithischia, the definition for Sauropodomorpha that was given by Sereno (2005) would result in the 
same taxa being included in the clade regardless of how the three main clades within Dinosauria are 
arranged. This definition also excludes Herrerasauridae from Sauropodomorpha in all current 
evolutionary hypotheses, regardless of the position of the former within Dinosauria. However, of the 
two definitions, the definition that was first given by Taylor et al. (2010), the most inclusive clade 
including Saltasaurus but not Tyrannosaurus rex, has been used more recently by workers who 
specialise in the early evolution of Sauropodomorpha (e.g., McPhee et al. 2014). This definition is less 
stable than the definition of Sereno (2005) as alternative evolutionary hypotheses could result in a 
substantial change to the taxa that are included within the clade Sauropodomorpha. For example, if 
Ornithischia were to be recovered in a position closer to the sauropodomorph taxon Saltasaurus than 
either taxon is to members of Theropoda, then all ornithischians, under this definition, would then be 
included within Sauropodomorpha. 
Herrerasauridae is a clade of carnivorous dinosauromorph taxa from the Late Triassic of South 
America (and possibly North America and Europe), the phylogenetic position of which has been 
contentious (Ezcurra 2010; Nesbitt et al. 2009b; Nesbitt 2011; Sues et al. 2011). As it is currently 
defined, the least inclusive clade that includes Herrerasaurus ischigualastensis and Staurikosaurus 
pricei (Novas 1992), it encompasses a small set of taxa that is generally believed to fall either within 
‘Eusaurischia’, as part of Theropoda, or outside of ‘Eusaurischia’, as non-eusaurischian saurischians 
(basal saurischians). Langer (2004) gave a stem-based definition for a clade named Herrerasauria – all 
dinosaurs that share a more recent common ancestor with Herrerasaurus than with Liliensternus and 
Plateosaurus. This definition places all saurischian taxa that are more closely related to Herrerasaurus 
(Herrerasauridae) than they are to Liliensternus (Theropoda: Neotheropoda) and Plateosaurus 
(Sauropodomorpha) into a single group. Both the definitions for Herrerasauridae and Herrerasauria are 
constructed in a way that means that the taxa included within them would not be altered by any 
changes in the positions of the clades within Dinosauromorpha alone, i.e., even if these clades were 
found to fall outside of Dinosauria they would still contain the same set of taxa. Herrerasauria has the 
capacity to also include non-herrerasaurid members of the lineage that contains the monophyletic 
clade bracketed Herrerasaurus and Staurikosaurus. However, within all current evolutionary 
hypotheses, Herrerasauria contains the same set of taxa as Herrerasauridae, making Herrerasauria 
redundant (Benedetto 1973; Galton 1985; Langer 2004; Langer et al. 2010).  
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In addition to the dinosaur clades discussed above, this study also examines a number of non-
dinosaurian dinosauromorphs and other avemetatarsalian and archosaurian taxa. In this study 
Archosauria Cope 1869 is defined as the least inclusive clade containing Crocodylus niloticus and 
Passer domesticus (Sereno 2005; Nesbitt 2011), following the sense of the original definition given by 
Gauthier & Padian (1985). Within Archosauria there are two main lineages: Avemetatarsalia Benton 
1999, also referred to here as the bird-line archosaurs, and Pseudosuchia Zittel 1887–1890, also 
referred to here as the crocodile-line archosaurs. Within the bird-line archosaurs there exists another 
group, Ornithodira Gauthier 1986, which is defined as the least inclusive clade containing 
Pterodactylus antiquus and Passer domesticus. This clade contains all dinosaurs and pterosaurs, as 
well as a number of taxa that fall closer to Dinosauria than they do to Pterosauria but that are not ‘true’ 
dinosaurs. These taxa are referred to as non-dinosaurian dinosauromorphs. Dinosauromorpha Benton 
1984 is defined as the most inclusive clade containing Passer domesticus but not Pterodactylus 
antiquus, Ornithosuchus longidens or Crocodylus niloticus (Sereno 2005; Nesbitt 2011) and 
Dinosauriformes Novas 1992 is defined as the least inclusive clade containing Passer domesticus and 
Marasuchus lilloensis (Sereno 2005; Nesbitt 2011). Dinosauromorpha contains Lagerpetidae (Arcucci 
1986; Nesbitt et al. 2009a) and Dinosauriformes, with Lagerpetidae currently defined as all taxa more 
closely related to Lagerpeton chanarensis than to Alligator mississippiensis, Eudimorphodon ranzii, 
Marasuchus lilloensis, Silesaurus opolensis, Triceratops horridus, Saltasaurus loricatus and Passer 
domesticus. Silesauridae (Langer et al. 2010; Nesbitt et al. 2010) is defined as the most inclusive clade 
containing Silesaurus opolensis but not Passer domesticus, Triceratops horridus and Alligator 
mississippiensis and is the best known non-dinosaurian dinosauriform group within Dinosauromorpha. 
The clade containing Silesauridae and Dinosauria, as was recovered by Nesbitt et al. (2010) and 
Nesbitt (2011), is currently unnamed.  
 
1.3 Aims of this Dissertation. The main aims of this dissertation are to increase our understanding of 
early (Triassic-Early Jurassic) dinosaur evolution, the fundamental interrelationships between dinosaur 
clades, the condition of the ancestral dinosaur, dinosaur origins and the importance of this early part of 
Earth’s history in the eventual domination of terrestrial ecosystems by dinosaurs that we see in the 
Jurassic and Cretaceous periods. In this work I am do the following: 
 
 Increase knowledge of the anatomy of the earliest members of the clade Dinosauria through 
first-hand examination of dinosaur and dinosauromorph material 
 Construct a large and board working dataset of early dinosaurs that can serve as a foundation 
for future studies of early dinosaur evolution 
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 Test the interrelationships of the earliest diverging dinosaurian clades using this dataset, and 
test the effects of historic biases on our understanding of early dinosaur evolution 
 Attempt to provide an explanation for the numerous observed similarities between early 
members of the three major subsidiary dinosaurian clades in an holistic framework of dinosaur 
evolution 
 Further our understanding of the ancestral dinosaur and the timing and geographic setting of 
the dinosaurs’ origin 
 Test the hypothesised phylogenetic positions of enigmatic dinosauriform taxa such as 
Chilesaurus diegosaurezi (Novas et al. 2015), Caseosaurus crosbyensis (Hunt et al. 1998) and 
Nyasasaurus parringtoni (Nesbit et al. 2013) using a new dataset 
 Explore the broader implications of alternative phylogenetic hypotheses for the dinosaurian 
clade  
 
To this end, this thesis has been constructed to reflect the development of the anatomical and 
systematic arguments relating to the base of the dinosaurian lineage and the fundamental 
interrelationships within the clade that has occurred during the construction of the early dinosaur 
dataset. Each chapter contributes new data and results that help combat historic biases and untangle 
the current problems associated with the earliest stages of dinosaur evolution, and this is presented in 
the following way: 
 
i) The postcranial anatomy of the early ornithischian dinosaur, Lesothosaurus diagnosticus, from 
the Early Jurassic upper Elliot formation of South Africa and Lesotho is examined and 
described in detail in Chapter 2. With information gained from this study, the phylogenetic 
position of this taxon was re-assessed using an existing ornithischian dataset, and the validity 
of a contemporaneous genus and species, Stormbergia dangershoeki, is also examined. 
Comparisons between Lesothosaurus diagnosticus and many other early ornithischian and 
saurischian dinosaurs, enabled by detailed anatomical descriptions such as this that generate 
new comparative data, highlight the need for a comprehensive early dinosaurian dataset and 
more objective phylogenetic analyses of these taxa. 
 
ii) In order to carry out rigorous and objective phylogenetic analyses of early dinosaurs, a large 
dataset of anatomical character data for early dinosaurs and other dinosauromorphs is 
assembled and subjected to a number of parsimony based analyses in Chapter 3. First-hand 
examination of a number of critical Triassic and Early Jurassic dinosaur specimens, in South 
Africa, North and South America and the UK, as well as data taken from the literature and 
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unpublished photographs contribute to the production of the largest and broadest phylogenetic 
dataset assembled for early dinosaurs to date. While by no means comprehensive, this dataset 
and the analyses that follow, form the foundation for the remainder of the thesis. The results 
produced in the initial analyses of Chapter 3 are radically different to the historic consensus on 
dinosaur interrelationships and evolution, challenging over 130 years of dogma; the analyses 
recover, for the first time, an Ornithischia+Theropoda sister-taxon relationship (a clade termed 
Ornithoscelida herein). Furthermore, the results highlight numerous problems with current 
cladistic definitions of major dinosaur clades and these are revised to ensure stability as 
further work is carried out on phylogeny. I propose a number of revisions to the current 
definitions of the principal clades within Dinosauria, as well as revising the definition of 
Dinosauria.   
 
iii) The enigmatic Chilesaurus diegosuarezi is added to the dataset presented in Chapter 3 to test 
the possible phylogenetic affinities of this unusual taxon, whose relationships are controversial 
due to its bizarre anatomy. I recover Chilesaurus diegosaurezi in a novel position within the 
dinosaur tree, as the earliest diverging member of Ornithischia. This result has major 
implications for understanding the early evolution of Ornithischia and its unique bauplan. For 
example, Chilesaurus diegosuarezi lacks a predentary while possessing a retroverted pubis. In 
this chapter I propose the herbivory evolved in Ornithischia prior to the acquisition of the 
predentary, based upon the anatomy of Chilesaurus diegosuarezi. This result plugs an 
important gap in our understanding of how Ornithischia started to diverge from the anatomy 
seen in other early dinosaurs.  
 
iv) In Chapter 5, I re-describe and re-evaluate the enigmatic Late Triassic dinosauriform 
Caseosaurus crosbyensis. This study modifies the original dataset presented in Chapter 3 and 
adds several taxa traditionally regarded as members of Saurischia, including some theropods. 
With the modifications made to the dataset, and with Caseosaurus crosbyensis added, a 
monophyletic Saurischia is no longer recovered in the phylogenetic analyses. Instead, 
Herrerasauria falls outside of Dinosauria, leaving only Sauropodomorpha and Ornithoscelida 
as ‘true’ dinosaurs. This result suggests that herrerasaurids may represent non-dinosaurian 
dinosauriforms and also provides further evidence for their presence in the Northern 
hemisphere during the Late Triassic. 
 
v) In Chapter 6 the ‘earliest dinosaur’ Nyasasaurus parringtoni is re-assessed and found to be a 
chimaera, comprising both sauropodomorph (holotype specimen) and neotheropod (referred 
specimen) material. I explore how this finding potentially changes our understanding of the 
time of origin of these major clades, as well as the origin of Dinosauria itself. The analyses in 
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Chapter 6 suggest that Dinosauria, as well as a number of its subsidiary clades, may have 
originated as early as the Early Triassic Period (Olenekian), some 10 Myr earlier than most 
previous estimates.   
 
vi) In Chapter 7 the datasets of the previous chapters are combined and further modified to form 
the most comprehensive analysis of early dinosaurian interrelationships. Additional characters 
and character states are added and a large number of additional taxa were also scored. In total 
128 taxa are scored for 451 characters, almost doubling the size of the original dataset. The 
analyses in this chapter recover a monophyletic Ornithoscelida, with some ‘theropods’ falling 
stem-ward of this clade, as well as a paraphyletic Saurischia. In this chapter, I propose new 
clades and cladistic definitions and name a new averostran theropod taxon from the Lower 
Lias Group (Lower Jurassic) of the United Kingdom. This chapter also highlights the total 
absence of Triassic ornithischians, posing a major problem for the traditional models of 
dinosaur classification; Pisanosaurus mertii is recovered within Silesauridae, a result that 
better explains many features of its historically problematic anatomy. This ‘Ornithischian 
crisis’ is then explored in Chapter 8. 
 
vii) In Chapter 8, I discuss the implications of the various studies carried out in this thesis, and in 
particular focus upon the problems presented by the apparent absence of Ornithischia in the 
Triassic record. I also discuss ways in which this work can further expanded and set out the 
next steps that need to be taken before the ultimate goal of a totally comprehensive early 
dinosaurian dataset can be fully realised.  
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Chapter 2 
The postcranial anatomy of Lesothosaurus diagnosticus (Dinosauria: Ornithischia) from the 
Lower Jurassic of southern Africa and its implications for basal ornithischian taxonomy and 
systematics 
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Abstract 
Lesothosaurus diagnosticus from the upper Elliot Formation of South Africa and Lesotho 
(?Hettangian–Sinemurian) is an important early representative of Ornithischia. In previous studies it 
has been recovered in several positions on the ornithischian tree, as either the earliest known member 
of Thyreophora, the earliest known member of Neornithischia or as a member of an even more basal 
ornithischian lineage that diverged before these other groups appeared. Given this taxon's important 
position as one of the few well-known early ornithischians, it is surprising many details of its anatomy 
remain unpublished. A second non-heterodontosaurid ornithischian taxon from the upper Elliot 
Formation, Stormbergia dangershoeki, has also been recovered as the earliest known member of 
Neornithischia; however, the validity of this taxon has been challenged. Hence, a reassessment of the 
taxonomic statuses and systematic positions of L. diagnosticus and S. dangershoeki within 
Ornithischia is required as an important step in the investigation of the early evolution of this group. A 
comprehensive re-description of the postcranial material of L. diagnosticus and a re-evaluation of 
other ‘fabrosaur’ material (including the hypodigm of S. dangershoeki) was carried out to provide new 
information on the anatomy of these taxa and to better resolve the relationships at the base of the 
ornithischian tree. This study has found that the material of L. diagnosticus and S. dangershoeki 
almost certainly represents the same taxon and that the apparent differences between these genera is 
probably a product of ontogentic (rather than taxonomic) differences. A revision of the phylogenetic 
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relationships of L. diagnosticus (when synonymized with S. dangershoeki) recovers it as the basal-
most member of Neornithischia. 
 
2.1 Lesothosaurus diagnosticus and the Early Ornithischian Record. Ornithischian dinosaurs were 
important terrestrial herbivores during the late Mesozoic and were numerically abundant and species-
rich during the Late Jurassic–Cretaceous (Sereno 1997; Weishampel et al. 2004). However, Late 
Triassic–Middle Jurassic representatives of the group are relatively rare and often poorly known, 
obscuring many aspects of their early evolution. In recent years, a variety of new specimens, and 
revisions of previously known material, have helped to better constrain the timing of major events in 
ornithischian evolution, as well as giving insights into their early diversity (e.g., Knoll 2002; Butler 
2005, 2010; Butler et al. 2007, 2008a, b; Irmis et al. 2007a; Norman et al. 2011; Pol et al. 2011a; Porro 
et al. 2011; Sereno 2012; Barrett et al. 2014; Porro et al. 2015). Although the early ornithischian 
record is richer than previously recognised (Porro et al. 2011), it is still poor in comparison with that 
of early saurischians. 
Lesothosaurus diagnosticus Galton, 1978 is one of the earliest ornithischians, known from the Early 
Jurassic upper Elliot Formation (?Hettangian-Sinemurian or ?Pliensbachian) of South Africa and 
Lesotho (Thulborn 1970, 1971, 1972; Galton 1978; Sereno 1991; Knoll 2002). It is known from 
multiple individuals, with a sample that includes several nearly complete skulls and substantially 
complete postcranial specimens. By contrast, the majority of other Late Triassic/Early Jurassic 
ornithischian taxa are known from more fragmentary material, comprising either incomplete 
specimens (e.g., Pisanosaurus, Eocursor, many heterodontosaurids: Bonaparte 1976; Butler 2010; 
Porro et al. 2011; Sereno 2012) or disarticulated bonebed material (e.g., Laquintasaura, Barrett et al. 
2014), although Heterodontosaurus (e.g., Santa-Luca 1980; Butler et al. 2008b; Norman et al. 2011) 
and Scelidosaurus (Owen 1861, 1863) are also represented by well-preserved articulated specimens 
and Scutellosaurus (Colbert 1981) by a well preserved but disarticulated specimen. 
Due to its early occurrence, and the quality of the material available, Lesothosaurus has become an 
‘exemplar’ basal ornithischian and its anatomy has frequently been used as a baseline for 
understanding the evolution of disparate ornithischian body plans (e.g., Galton 1986; Norman & 
Weishampel 1991; Sereno 1991a; Maidment & Barrett 2011), especially given its basal position in the 
clade (e.g., Ginsberg 1963; Sereno 1986, 1999; Butler et al. 2008a). It is surprising, therefore, that 
relatively few detailed descriptions of Lesothosaurus anatomy have been provided. Two specimens, 
one comprising partial postcranial and cranial remains of at least two individuals (NHMUK PV RU 
B17) and a second isolated skull (NHMUK PV RU B23), were initially referred to Fabrosaurus 
australis and described by in a series of papers by Thulborn (1970, 1971, 1972). Galton (1978) later 
considered F. australis to be a nomen dubium, based upon the undiagnostic nature of the holotype 
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material (MNHN LES9), and so erected the name Lesothosaurus diagnosticus for NHMUK PV RU 
B17 and B23, which he designated as the syntypes of this new taxon. However, Galton (1978) did not 
provide any additional descriptive information. A description of postcranial elements belonging to 
“Fabrosauridae” was also given by Santa Luca (1984). Sereno (1991a) provided the first detailed 
revision of L. diagnosticus and formally referred a substantial amount of additional material to the 
taxon. This work focused heavily on the cranial anatomy and mentioned only selected parts of the 
postcranial skeleton. Additional crania of Lesothosaurus were mentioned by Knoll (2002), but not 
described in detail. Butler (2005) discussed the taxonomic status of L. diagnosticus but only re-
described those elements of its anatomy that were necessary to permit detailed comparisons with a 
proposed new taxon from the upper Elliot Formation, Stormbergia dangershoeki. Similarly, Butler and 
colleagues (Butler et al. 2007; Butler 2010) discussed L. diagnosticus for the purpose of comparison, 
this time with the Late Triassic taxon Eocursor parvus. Finally, Knoll et al. (2010) compared selected 
specimens of early ornithischians from the upper Elliot Formation and proposed that Lesothosaurus 
and Stormbergia were synonymous. 
A comprehensive re-description of the cranial material of Lesothosaurus diagnosticus has been 
completed recently (Porro et al. 2015), but a thorough description of the postcranial anatomy is still 
lacking. This work provides a detailed re-description of the postcranial anatomy of L. diagnosticus and 
figures the majority of the syntype material for the first time. This study also reviews and describes the 
material previously referred to Lesothosaurus by Sereno (1991a) and Butler (2005), as well as several 
other upper Elliot ornithischian specimens, and uses these new anatomical data to re-assess the 
taxonomy of upper Elliot Formation non-heterodontosaurid ornithischians. 
 
2.2 Material. The syntype material of Lesothosaurus diagnosticus (NHMUK PV RU B17, NHMUK 
PV RU B23) was discovered by a team from University College London in Lesotho in 1963–64 and 
was initially referred to Fabrosaurus australis (Thulborn 1970, 1971, 1972). In addition to the syntype 
material, this study includes other ornithischian material collected from the same formation, all of 
which has been considered referable to either L. diagnosticus or a 'fabrosaurid'. This material is 
predominantly made up of partial postcranial skeletons in the collections of the NHM and includes the 
paratype of Stormbergia dangershoeki, as well as other material that could be attributed to L. 
diagnosticus (some of which was listed as cf. Stormbergia: Butler 2005). This study also looks at other 
‘fabrosaurid’ specimens in other collections (e.g., SAM and BP), which include the holotype of S. 
dangershoeki (SAM-PK-K1105); NM QR 3076, which has been described as a large 'fabrosaurid'; and 
BP/1/4885, 4731 and 4945. The taxonomic status of each of these specimens proposed by Butler 
(2005) and their current, revised status is given in Table 2.1. 
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Systematic Palaeontology 
 
Dinosauria Owen, 1842 
Ornithischia Seeley, 1887 
 
Lesothosaurus diagnosticus Galton, 1978 
Stormbergia dangershoeki Butler, 2005 
 
Syntypes: NHMUK PV RU B17, skull and postcranial material representing at least two individuals; 
NHMUK PV RU B23, partial skull. 
Referred material: NHMUK PV R8501, nearly complete, disarticulated skull with some associated 
postcranial elements; NHMUK PV R11002, ilium; NHMUK PV R11003, ilium; NHMUK PV 
R11004, partially articulated posterior section of a skull with articulated anterior cervicals, including 
the braincase, parietals, right squamosal, right quadrate, right posterior lower jaw, axis and third 
cervical; NHMUK PV R11000, partial postcranial skeleton (Stormbergia dangershoeki paratype); 
NHMUK PV R11956, partial skull; SAM-PK-K400, partial postcranial skeleton; SAM-PK-K401, 
partial postcranial skeleton; SAM-PK-K1105, partial postcranial skeleton (Stormbergia dangershoeki 
holotype); SAM-PK-K1106, partial postcranial skeleton; SAM-PK-K1107, partial postcranial 
skeleton; BP/1/4885, partial postcranial skeleton; BP/1/4731, right ilium; BP/1/4945, partial right 
ilium, proximal humerus and partial femur; NM QR 3076, nearly complete, partially articulated adult, 
including skull fragments; MNHN LES17, skull; MNHN LES18, skull. 
Locality and Horizon: All known specimens are from the upper Elliot Formation (Lower Jurassic: 
?Hettangian–Sinemurian or ?Pliensbachian) of South Africa and Lesotho. The precise age of the upper 
Elliot formation is controversial and it has been suggested that it is either Hettangian–Sinemurian in 
age, based upon biostratigraphical correlations with other Lower Jurassic deposits (e.g., Kitching & 
Raath 1984; Olsen & Galton 1984) or Pliensbachian, based upon the conformable contacts with the 
Clarens Formation and the overlying Pliensbachian-aged Drakensburg volcanics (Yates et al. 2004). 
The syntype material of Lesothosaurus diagnosticus was collected in Lesotho, while much of the other 
material discussed in this work comes from localities in South Africa, including Spitskop Farm, 
Jamestown, Eastern Cape (NM QR 3076); Dangershoek Farm, Herschel District, Eastern Cape (SAM-
PK-K1105) and Mequatling, Clocolon District, Free State (BP/1/4885), as well as other localities in 
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Lesotho such as Pokane (NHMUK R11000) (Thulborn 1970, 1972; Kitching & Raath 1984; Santa 
Luca 1984; Knoll 2002; Butler 2005; Barrett et al. 2016). 
Diagnosis (revised from Butler 2005): A small basal ornithischian dinosaur, up to approximately ~2 m 
in length, which can be diagnosed by the following autapomorphies: tongue in groove articulation 
between the maxilla and the lacrimal (slot in maxilla for lacrimal); two premaxillary foramina 
connected by an anteroventrally oriented groove; dorsal margin of surangular strongly medially 
inflected to form a narrow, nearly horizontal shelf with a prominent rostrocaudally extending groove 
on its dorsal surface; absence/loss of metatarsal V. Lesothosaurus can be further distinguished from 
other early ornithischians by a unique combination of character states, including six premaxillary 
teeth; absence of diastema between the premaxillary and maxillary teeth; axial neural spine with 
sinusoidal profile in lateral view; ilium with well developed supraacetabular flange and ventromedially 
angling brevis shelf visible in lateral view; a robust, elongate pubic peduncle; acetabulum partially 
closed medially by a ventral flange of the ilium; dorsal groove on ischial shaft; short ischial symphysis 
restricted to distal end of ischial shaft in adults; tab-like obturator process (variably present); prepubic 
process short and mediolaterally flattened rather than rod-like; prepubic process does not extend 
beyond the end of the preacetabular process of the ilium; manual phalanges lacking prominent 
intercondylar processes; osteoderms absent. 
Referral of SAM-PK-K1107: Although it displays none of the autapomorphies of L. diagnosticus, I 
regard SAM-PK-K1107 as a relatively large individual of L. diagnosticus. It was found in the same 
locality as other L. diagnosticus material and exhibits a combination of characters that is unique to L. 
diagnosticus (ilium with well developed supraacetabular flange and ventromedially angling brevis 
shelf visible in lateral view; a robust, elongate pubic peduncle; acetabulum partially closed medially 
by a ventral flange of the ilium). 
Comments: Stormbergia dangershoeki possesses one autapomorphy of Lesothosaurus (loss of 
metatarsal V) and I regard this taxon as a junior subjective synonym of Lesothosaurus (see also Knoll 
et al. 2010). Previously proposed differences between Lesothosaurus and Stormbergia (Butler 2005) 
are regarded as examples of ontogenetic and individual variation herein. Details of this proposed 
synonymy are provided in section 2.4.1. The Principle of Priority, as outlined in Article 23.3 of the 
ICZN, means that Lesothosaurus diagnosticus must become the valid name for the single taxon 
represented by the material discussed herein.   
 
 
Table 2.1>. List of specimens discussed in the text, with previous identifications listed and identifications 
proposed here in included.  
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Specimen number Previous identifications Current 
identification 
NHMUK PV RU 
B17 
Lesothosaurus diagnosticus syntype (Galton 1978; Sereno 
1991a; Butler 2005) 
Lesothosaurus 
diagnosticus 
syntype 
NHMUK PV RU 
B23 
Lesothosaurus diagnosticus syntype (Galton 1978; Sereno 
1991a; Butler 2005) 
Lesothosaurus 
diagnosticus 
syntype 
NHMUK PV 
R11956 
Lesothosaurus diagnosticus (Galton 1978; Sereno 1991a); 
referred (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
NHMUK PV 
R8501 
Lesothosaurus diagnosticus referred (Sereno 1991a; Butler 
2005) 
Lesothosaurus 
diagnosticus 
(referred) 
NHMUK PV 
R11000 
‘Large fabrosaurid' (Knoll 2002); Stormbergia dangershoeki 
paratype (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
NHMUK PV 
R11002 
Lesothosaurus diagnosticus referred (Sereno 1991a); cf. 
Stormbergia or Lesothosaurus (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
NHMUK PV 
R11003 
Lesothosaurus diagnosticus referred (Sereno 1991a); cf. 
Heterodontosauridae (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
NHMUK PV 
R11004 
Lesothosaurus diagnosticus referred (Sereno 1991a; Butler 
2005) 
Lesothosaurus 
diagnosticus 
(referred) 
SAM-PK-K400 Fabrosauridae indet. (Santa Luca 1984); Lesothosaurus 
diagnosticus referred (Sereno 1991a; Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
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SAM-PK-K401 Fabrosauridae indet. (Santa Luca 1984); Lesothosaurus 
diagnosticus referred (Sereno 1991a; Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
SAM-PK-K1105 ‘Large fabrosaurid' (Knoll 2002); Stormbergia dangershoeki 
holotype (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
SAM-PK-K1106 Fabrosauridae indet. (Santa Luca 1984); Lesothosaurus 
diagnosticus referred (Sereno 1991a; Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
SAM-PK-K1107 cf. Stormbergia dangershoeki (Butler 2005) Lesothosaurus 
diagnosticus 
(referred) 
NM QR 3076 ‘Large fabrosaurid' (Knoll 2002); cf. Stormbergia or 
Lesothosaurus (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
BP/1/4731 Unpublished. Lesothosaurus 
diagnosticus 
(referred) 
BP/1/4885 Lesothosaurus (Knoll 2002); Stormbergia dangershoeki 
referred (Butler 2005) 
Lesothosaurus 
diagnosticus 
(referred) 
BP/1/4945 Unpublished. Lesothosaurus 
diagnosticus 
(referred) 
MNHN LES 17 Lesothosaurus sp. (Knoll 2002); cf. Stormbergia or 
Lesothosaurus (Butler 2005); Lesothosaurus diagnosticus 
(Porro et al. 2015) 
Lesothosaurus 
diagnosticus 
(referred) 
MNHN LES 18 Lesothosaurus sp. (Knoll 2002); cf. Stormbergia or 
Lesothosaurus (Butler 2005); Lesothosaurus diagnosticus 
(Porro et al. 2015) 
Lesothosaurus 
diagnosticus 
(referred) 
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2.3 Description of the Postcranial Anatomy of Lesothosaurus diagnosticus. 
2.3.1 AXIAL COLUMN 
The vertebrae of NHMUK PV RU B17 are represented mostly by isolated centra and neural spines, 
some of which have intact pre- and postzygapophyses. Cervical, dorsal, sacral and caudal vertebrae 
are all present in this specimen, but little can be said about the sacral and caudal material due to its 
incompleteness. The preserved centra of NHMUK PV RU B17 exhibit a range of shape and size, from 
thin, rod-like centra with clear ventral keels (representing distal caudals), to relatively short and wide 
block-like centra with no ventral keels (probably dorsals and possibly sacrals). NHMUK PV R11004 
includes the neural arch of the atlas and the axis and 3rd cervical in articulation. SAM-PK-K401 
preserves dorsals, sacral centra and proximal caudals, while SAM-PK-K1106 incorporates several 
mid-dorsal centra and one cervical neural arch. SAM-PK-K1106 includes a series of articulated distal 
caudals, complete with articulated chevrons. NM QR 3076 provides critical information on the axial 
column as it includes anterior dorsals and mid-dorsals as well as anterior and posterior caudals. 
However, SAM-PK-K1107 provides the most information on the axial column of L. diagnosticus with 
a total of 14 dorsals preserved. A combination of all known specimens, as well as comparisons with 
other ornithischian taxa enables a description of almost the entire vertebral series. Following 
comparisons with other basal ornithischians, it seems reasonable to suggest that Lesothosaurus 
diagnosticus would have had nine cervical vertebrae in total, as in Agilisaurus louderbacki, 
Heterodontosaurus tucki and Manidens condorensis (Santa Luca 1980; Peng 1992; Pol et al. 2011a; 
Sereno 2012). Although the maximum number of dorsals preserved in any specimen is 14 (SAM-PK-
K1107) I propose that L. diagnosticus probably had 15 dorsals in total, as in many other small 
ornithischians such as Heterodontosaurus tucki, Agilisaurus louderbacki, Hexinlusaurus multidens 
and Hypsilophodon foxii (Galton 1974; He & Cai 1984; Peng 1992; Sereno, 2012). Due to the poor 
preservation of the partial sacral series in SAM-PK-K1107 it is difficult to provide a sacral count for 
L. diagnosticus. In this specimen five vertebrae are fused in the sacral region but it is unclear whether 
or not the anterior-most of these is a sacral or a posterior dorsal (Butler 2005). There are four 'true' 
sacrals in this specimen (bearing dorsoventrally deep and modified sacral ribs), the posterior-most of 
which was designated a caudosacral by Butler (2005) while the second vertebra in the series was 
identified as a dorsosacral. I suggest that L. diagnosticus probably had somewhere between 35–50 
caudal vertebrae, based upon comparisons with Scelidosaurus harrisonii, which had at least 35 
(Norman et al. 2004), Agilisaurus louderbacki, which had at least 42 (Peng 1992) and Hypsilophodon 
foxii, which had around 48 (Galton 1974). 
Axis (Figure 2.1). The axis has a spool-shaped, amphicoelous centrum with no ventral keel. The 
lateral sides of the centrum are smooth and featureless. In lateral view the ventral margin of the 
centrum is dorsally arched, as is the dorsal margin, although to a much lesser extent. The anteroventral 
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corner of the lateral surface is rounded and swollen whereas the posteroventral corner forms a sharp 
point that is ventrally directed. The axis appears to lack parapophyses and diapophyses. The anterior 
margin in lateral view is concave and the posterior margin is convex, although both articular surfaces 
are concave. The anterior articular surface of the centrum is also slightly more dorsoventrally 
expanded than the posterior articular surface. The axis possesses a well-developed, posterodorsally 
projecting neural spine, which extends beyond the postzygapophyses posteriorly and overlaps cervical 
3. The neural spine of the axis is expanded transversely along its ventral margin. The lateral surfaces 
of the neural spine are concave and meet dorsally to produce a thin, arched dorsal margin. This thin 
dorsal margin and expanded ventral edge give the neural spine an inverted ‘T’-shaped cross-section in 
posterior view. In lateral view, the dorsal margin of the neural spine is sinusoidal, a feature best seen 
in SAM-PK-K1107, and is arched dorsally in its posterior portion (Figure 2.2). This sinusoidal profile 
is absent in Heterodontosaurus tucki (Sereno 2012) and may represent an autapomorphy of 
Lesothosaurus diagnosticus. However, as the axis is currently unknown in most other basal 
ornithischians, I hesitate to include it as such in the diagnosis. The neural canal is rectangular in 
anterior view, being wider than it is tall (see SAM-PK-K1107). Dorsal to the canal, a long ridge 
extends dorsally along the anterior surface of the neural spine. Overall the morphology of the axis in 
L. diagnosticus appears to be extremely similar to that of Heterodontosaurus tucki. Sereno (2012) 
noted that the neural spine of Heterodontosaurus tucki (SAM-PK-K1332) projects further posteriorly 
than in Lesothosaurus, but this comparison is presumably based on NHMUK PV R11004, in which 
the posterior-most part of the axial neural spine is broken, and not on SAM-PK1107, which is more 
complete. Contrasting the neural spine of SAM-PK-K1107 with specimens of Heterodontosaurus 
tucki (e.g., SAM-PK-K1332) they are actually similar in terms of the level of posterior projection. 
 
 
Figure 2.1. Axis and 3rd cervical vertebra of 
Lesothosaurus diagnosticus (NHMUK PV 
R11004). Abbreviations: ax, axis; C3, 3rd 
cervical vertebra; epi, epipophyses; nsp, neural 
spine; pozy, postzygapophyses; prezy, 
prezygapophyses. Scale bar = 20mm. 
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SAM-PK-K1105, the holotype of ‘Stormbergia dangershoeki’, has a partial axis with a preserved 
neural spine and this is essentially identical to that of specimen SAM-PK-K1107 in terms of its overall 
morphology. 
Cervical 3 (Figure 2.1). NHMUK PV R11004 includes cervical 3 in articulation with the axis. The 
centrum is amphicoelous and has a small ventral midline keel extending between the articular 
surfaces. In lateral view, the centrum has a trapezoidal outline, with the centre of the anterior surface 
being positioned dorsal to the centre of the posterior surface in the vertical plane. The anterior surface 
of the centrum is wider than the posterior surface, but both have the same general outline, with 
horizontal dorsal margins, straight, parallel lateral margins and ventrally curved ventral margins. Both 
articular surfaces are also wider dorsally than ventrally, so that they are shield-shaped in outline. The 
neural arch is expanded dorsoventrally, more so than that of the axis. The neural spine is small and 
positioned posteriorly on the neural arch: it can be seen in lateral view as a small crest that arises 
between the postzygapophyses. The prezygapophyses extend anterodorsally beyond the anterior 
surface of the centrum and have rounded distal ends in lateral view. The articular surfaces of the 
prezygapophyses are ovoid and face dorsomedially. In transverse cross-section the prezygapophyses 
are semicircular in outline with flat medial surfaces and convex lateral surfaces. The 
postzygapophyses are anteroposteriorly longer than the prezygapophyses and extend posterodorsally. 
The ventral surfaces of the postzygapophyses are slightly arched so that in their most proximal portion 
they are posteriorly oriented. The articular surfaces of the postzygapophyses are ovoid, and similar in 
outline to those of the prezygapophyses, but are ventromedially directed.  Posterodorsally projecting 
epipophyses are present on the postzygapophyses, as in other basal ornithischians such as 
Heterodontosaurus tucki (Santa Luca 1980), Manidens condorensis (Pol et al. 2011a) and Fruitadens 
haagarorum (Butler et al. 2012), although the post-axial epipophyses in L. diagnosticus do not extend 
as far posterodorsally as the epipophyses in the aforementioned taxa. Cervical 3 of NHMUK PV 
R11004 lacks the prominent parapophyses and diapophyses that are present in Heterodontosaurus 
tucki (Santa Luca 1980; Sereno 2012), and these features are reduced to very small subcircular 
processes located anteriorly on the lateral surfaces of the centrum and neural arch respectively. 
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Other cervical vertebrae. Some post-axial cervical vertebrae are present in NHMUK PV RU B17 but 
their positions within the cervical series cannot be determined confidently. SAM-PK-K1106 has one 
complete cervical neural arch, but this material is also of indeterminate location. In addition to this, 
several other specimens preserve fragments that appear to represent cervical vertebrae. Thus, a 
combination of specimens is used to provide an account of the post-axial cervicals herein. There are 
no preserved cervical centra in any of the specimens so the following description deals with the neural 
arches only. 
In anterior and posterior views the neural canal has a square profile. The neural spine is low, has a 
rounded profile in lateral view and is transversely thin. The transverse processes are long, 
dorsoventrally flattened, posterolaterally oriented and become anteroposteriorly narrower distally, 
terminating in a squared-off distal margin. The dorsal margins of the transverse processes are level 
with the bases of the prezygapophyses. Medial to the prezygapophyses, distinct shallow depressions 
are present, positioned anterolateral to the neural spine. Ventral to the neural spine in posterior view, a 
shallow postspinal fossa is present just above the neural canal and, on either side of this, the ventral 
surfaces of the transverse processes each bear a small depression. The prezygapophyses have larger 
articular surfaces than the postzygapophyses and are oval-shaped and dorsomedially facing. The 
posterior half of the prezygapophysis is almost confluent with the transverse process and these features 
are linked by a small ridge in an equivalent position to the prezygodiapophyseal lamina of saurischian 
dinosaurs (Wilson 1999). The postzygapophyses extend laterally, posteriorly and slightly dorsally 
from the posterior edge of the neural arch, and have small, circular articular faces. Both the pre- and 
postzygapophyses have semicircular transverse cross-sections, with the prezygapophyses having flat 
dorsal surfaces and convex ventral surfaces, while the postzygapophyses possess the converse 
Figure 2.2. Axis of SAM-PK-K1107 showing the 
sinusoidal profile of the neural spine in lateral aspect. 
Abbreviations: cent, centrum; odnp, odontid process; 
nsp, neural spine; pozy, postzygapophyses. Scale bar 
= 20mm. 
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morphology. The neural arch pedicles are short and expanded mediolaterally at their bases. No 
cervical ribs are preserved in any of the available specimens of L. diagnosticus. 
Dorsal vertebrae (Figure 2.3). Disarticulated dorsal vertebrae are present in NHMUK PV RU B17 and 
display a range of size and shape. The dorsal centra are spool-shaped, slightly amphicoelous to 
platycoelous, and all of the centra have a deep grooves in their dorsal surfaces that do not extend as far 
as the articular surfaces at either end. The lateral surfaces of the centra in NHMUK PV RU B17 are 
smooth, featureless and lack distinct parapophyses, suggesting that they might represent posterior 
dorsals. In this specimen, as well as larger specimens such as NM QR 3076, the centra are almost as 
deep dorsoventrally as they are long anteroposteriorly. In all specimens, the centra in have a convex 
ventral margin and relatively straight anterior and posterior margins in lateral view. The anterior 
dorsals of SAM-PK-K1107 have small ventral keels extending between their articular surfaces, which 
are absent in more posterior dorsals, though it is not possible to determine where this change occurs in 
the dorsal column. The parapophyses are located anteroventral to the bases of the transverse process 
and take the form of low, round, laterally projecting processes. The parapophyses on the anterior-most 
dorsals are located entirely on the centrum but migrate dorsally toward the neural arch in subsequent 
vertebrae. However, as the exact placement of individual dorsal vertebra within the series cannot be 
determined, it is not possible to say where the parapohyses leaves the centrum and joins the neural 
arch.     
The neural spines of the anterior dorsals are taller than those of the posterior dorsals, but all are 
anteroposteriorly expanded distally and inclined vertically to slightly posteriorly. At their distal ends 
all of the dorsal neural spines are slightly expanded transversely. In lateral view the dorsal margin of 
the neural spines is straighter in the anterior dorsals than in the posterior dorsals, which are gently 
arched. The transverse processes of the anterior dorsal vertebrae are best represented in NM QR 3076 
and SAM-PK-K1107. These processes project dorsolaterally from the body of the vertebrae in a 'wing-
like' fashion and are longer than the neural spine is tall. The articular surfaces of the diapophyses are 
thus approximately level with the dorsoventral midpoint of the neural spine in the vertical plane. In 
contrast, the transverse processes of the mid- and posterior dorsals are shorter than neural spine height 
and are laterally oriented. This shift from a dorsolateral to lateral orientation occurs moving 
posteriorly along the dorsal series, and is also seen in the fragmentary vertebrae of SAM-PK-K400, as 
well as in other ornithischian taxa such as Hypsilophodon foxii (Galton 1974) and Heterodontosaurus 
tucki (Santa Luca 1980). Two articulated dorsal vertebrae in the syntype material (NHMUK PV RU 
B17) preserve transverse processes and the morphology of these matches that of the transverse 
processes of the posterior dorsal vertebrae in other specimens. The anterior margins of the transverse 
processes are positioned ventral to their posterior edges, creating a sloped dorsal surface that is 
oriented at approximately 10 degrees to the horizontal. The transverse processes become shorter and 
more laterally inclined posteriorly in the dorsal series. In posterior dorsals the parapophyses and 
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diapophyses merge (NM QR 3076 and SAM-PK-K1107), although due to incompleteness and damage 
it is not possible to say at which point in the column this occurs. Nevertheless, it seems likely that this 
transition would have been in dorsals 9–11 based on comparisons with Hypsilophodon foxii (Galton 
1974). Before the two facets merge they change in shape from subcircular to oval in outline, with the 
long axis of these facets oriented anteroventrally. The prezygapophyses of the dorsal vertebrae extend 
beyond the anterior surface of the centrum. Their articular surfaces are oval in shape, with the long 
axis extending anteroposteriorly, and they face medially and dorsally. The postzygapophyses extend 
beyond the posterior surface of the centrum and are anteroposteriorly longer than the 
prezygapophyses. The dorsal surface of the postzygapophyses is gently sloped posteroventrally. As in 
the prezygapophyses, the articular surfaces of the postzygapophyses are oval in outline with their long 
axes oriented anteroposteriorly. Their articular surfaces face laterally and ventrally. The 
postzygapophyses appear triangular in cross-section because of the presence of a small, 
proximodistally oriented ridge that extends along the dorsal surface. The ridges meet proximally on 
the neural arch at an angle of about 20 degrees. 
Ossified tendons are preserved alongside the anterior dorsals of SAM-PK-K1107, with fragments 
attached to the lateral surfaces of the neural spines whose orientations suggest that they were arranged 
longitudinally, as in Heterodontosaurus tucki, Scelidosaurus harrisonii, Agilisaurus louderbacki, 
Hexinlusaurus multidens and Hypsilophodon foxii (Owen 1861, 1863; Galton 1974; Santa Luca 1980; 
He & Cai 1984; Peng 1992). 
NHMUK PV R11000, the paratype of Stormbergia dangershoeki, preserves one anterior dorsal 
vertebra. Its centrum has circular anterior and posterior articular surfaces that are of equal size and are 
only slightly concave. The transverse processes are dorsally bowed and become anteroposteriorly 
narrower towards their distal ends. The transverse processes are roughly equal in length to the neural 
spine, which is anteroposteriorly expanded distally. In all respects it is indistinguishable from the 
anterior dorsals in the above-mentioned specimens. 
Dorsal ribs. The dorsal ribs of NHMUK PV RU B17 are found mainly in isolation and few are 
substantially complete. The proximal ends of the preserved dorsal ribs are divided into a tuberculum 
and capitulum, with the dorsally positioned tuberculum approximately three times longer than the 
capitulum. The proximal end of the tuberculum tapers to a thin, rounded apex whereas the proximal 
end of the capitulum is squared-off and block-like. A smooth semicircular gap separates the two 
processes. The rib shafts are bowed laterally, flattened anteroposteriorly and are marginally thicker 
along their lateral edge than their medial edge. For the majority of their length the shafts have the 
same mediolateral depth as the proximal end of the capitulum. In their distal section the shafts taper 
gently toward a narrow squared termination. One rib possesses a long, shallow groove that extends 
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from the meeting confluence of the tuberculum and capitulum to the end of the shaft. However, it is 
difficult to say whether this groove is a real feature or an artefact of post-mortem deformation.  
Sacral vertebrae (Figure 2.3). Three disarticulated sacral centra (S) are preserved in SAM-PK-K401 
and vary in terms of their level of preservation. All of these centra have semicircular articular surfaces, 
with horizontal dorsal margins. The articular surfaces are all wider transversely than they are tall 
dorsoventrally and the posterior articular surfaces are greater in transverse width than the anterior 
articular surfaces. In lateral view these sacral centra are dorsoventrally compressed when compared 
with the posterior dorsals. NM QR 3076 has at least one sacral centrum present, which has the same 
overall morphology as those in SAM-PK-K401. The best preserved sacral series is found in SAM-PK-
K1107, which has five fused vertebral centra, the posterior four of which bear fused neural arches. 
Each of the four posterior-most vertebrae bears a dorsoventrally deep sacral rib. The anterior-most 
vertebra does not bear a typical sacral rib, but may have been attached to the preacetabular process by 
a modified dorsal rib. In this sense it is most similar to what Santa Luca (1980) identified as S2 in 
Heterodontosaurus tucki (SAM-PK-K1332). By contrast, Sereno (2012) identified this vertebra as S1 
and stated that it was homologous with S1 of Lesothosaurus diagnosticus. I follow Butler (2005) in 
interpreting the anterior-most vertebra of SAM-PK-K1107 as a dorsosacral based on comparisons with 
other basal ornithischians, whereas the other four fused vertebrae with sacral ribs are regarded as ‘true’ 
sacrals. The sacral neural spines are anteroposteriorly expanded distally and are posterodorsally 
oriented. They are transversely thinner than the neural spines of the middle dorsals. The neural spines 
of S2 and S3 are fused along their full length and the other two neural spines of the true sacrals (S1 
and S4) contact their neighbours and are fused to them at their distal ends. As well as this partial distal 
fusion of the neural spines, the neural arches of all four vertebrae are fused, including the transverse 
processes and the pre- and postzygapophyses. Contacts between all of these processes are difficult to 
discern. The sacral ribs are fused to the transverse processes in the posterior four sacrals and are 
dorsoventrally deep. Each sacral rib is shared between more than one sacral centrum.  
Caudal vertebrae. Proximal caudals are only preserved in NM QR 3076. The neural spines of the 
proximal caudals are taller than the dorsoventral depth of their respective centra and are much 
narrower anteroposteriorly than the base of the neural arch. These neural spines are only slightly 
expanded distally and have straight dorsal margins in lateral view. The neural spines are also inclined 
slightly posteriorly and are situated toward the posterior portion of the neural arch. Unfortunately, the 
transverse processes of these vertebrae are damaged and it is not possible to determine whether their 
neural spines are taller than the transverse processes are long. SAM-PK-K401 includes middle caudals 
that bear weak a ventral keel on their centra. 
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Figure 2.3. Vertebrae of Lesothosaurus diagnosticus (SAM-PK-K1107). (A), single anterior dorsal vertebra in 
lateral view; (B), series of mid-dorsal vertebrae in lateral view; (C), sacral vertebrae in lateral view; (D), series of 
caudal vertebrae in ventral view. Abbreviations: diap, diapophyses; ds1, dorsosacral 1; chv, chevron; cs1, 
caudosacral; nsp, neural spine; ot, ossified tendons; pozy, postzygapophyses; pp, parapophyses; prezy, 
prezygapophyses; ps, primordial sacrals; trvp, transverse processes; vk, ventral keel. Scale bars = 20mm.   
 
These centra are taller dorsoventrally than they are anteroposteriorly long. The smaller, rod-like centra 
in NHMUK PV RU B17 represent posterior caudal vertebrae that are gently amphicoelous and bear 
long, low ventral keels (Figure 2.3). In lateral view these centra are constricted in their middle and are 
essentially symmetrical across their midline. Morphologically they are very similar to the posterior 
caudals of other ornithischians such as Hypsilophodon foxii, Heterodontosaurus tucki, Tianyulong 
confuciusi and Fruitadens haagarorum (Galton 1974; Sereno 1991, 2012; Zheng et al. 2009; Butler et 
al. 2012). The smaller posterior caudals of SAM-PK-K401 have deep ventral keels and are much 
longer anteroposteriorly than they are tall dorsoventrally, just as in the syntype material. SAM-PK-
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K1106 includes a series of nine articulated posterior caudals that show a steady decrease in size 
posteriorly. However, the centra of SAM-PK-K1106 lack ventral keels but bear chevrons. The neural 
spines of the distal caudal vertebrae are much shorter than the anteroposterior length of their 
respective centra. The distal caudal neural arches have pre- and postzygapophyses that extend well 
beyond the anterior and posterior articular surfaces of their centra, giving the neural arches much 
greater anteroposterior lengths than those of the anterior caudals. This greater anterior and posterior 
extension creates a very large overlap between the neural arches of adjacent distal caudal vertebrae. 
Chevrons. The articulated posterior caudal series in SAM-PK-K1106 incorporates several articulated 
chevrons. These have a Y-shaped outline in anterior or posterior view. Their ventral processes are rod-
like and shorter than the centra of the preceding vertebrae. 
 
2.3.2 PECTORAL GIRDLE 
Scapula (Figure 2.4). The scapula and coracoid remain unfused in all specimens. The scapula is longer 
than the humerus (humerus length = 89% scapula length for NHMUK PV RU B17) and is bowed 
laterally to follow the contour of the rib cage. The dorsal portion of the proximal plate is best 
preserved in SAM-PK-K1107, in which it forms a long, dorsally tapering, bar-like acromion process. 
This process extends further dorsally in Lesothosaurus diagnosticus than those of other ornithischian 
taxa, such as Heterodontosaurus tucki and Hypsilophodon foxii (SAM-PK-K1332, NHMUK PV 
R5830; Galton, 1974; Santa-Luca, 1980). The ventral portion of the proximal end forms a sub-
triangular process, which is expanded transversely and has a concave anteroventral margin, forming 
the scapula contribution to the glenoid facet. The lateral surface of proximal plate is dorsoventrally 
concave, while the medial surface is dorsoventrally convex, apart from a shallow longitudinal groove 
that extends across this surface to the junction with the coracoid and that divides the glenoid from the 
coracoid articulation. The scapula glenoid has an ovate outline in anteroventral view, with its long axis 
extending anteroposteriorly, and it is approximately twice the length of the coracoid contribution to 
the glenoid fossa. The articular surface for the coracoid has a sub-trapezoidal outline in anterior view. 
In lateral view the distal end of the scapular blade is dorsoventrally expanded relatively to the shaft, 
similar to the condition seen in Laquintasaura venezuelae (Barrett et al. 2014). The extent of this distal 
expansion is much greater in Lesothosaurus than in Heterodontosaurus tucki (SAM-PK-K1332; 
Santa-Luca, 1980) and also differs from the condition in Eocursor parvus in which the distal scapula 
is only weakly expanded (Butler 2010). The distal end has a convex margin and in NHMUK PV RU 
B17, although partly damaged, the distal margin appears to be almost symmetrical around the 
longitudinal axis of the shaft. In some of the larger specimens of L. diagnosticus, such as SAM-PK-
K1106 and SAM-PK-K1107, the scapulae are also expanded distally, but in these individuals the 
ventral expansion of the distal end is much greater than the dorsal expansion, producing asymmetry. 
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The lateral surface of the scapular shaft is dorsoventrally convex, with the apex of this convexity 
located closer to the ventral than the dorsal margin, while the surface of the distal expansion is flat to 
only very gently convex. The medial surface of the scapula blade is flat and smooth distally, but the 
proximal third is convex, as it merges into the proximal plate. 
The scapula of NHMUK PV R11000, the paratype of Stormbergia dangershoeki, is complete and 
articulated with the coracoid. Overall it is very similar in morphology to all other specimens of 
Lesothosaurus diagnosticus, particularly the larger specimens such as NM QR 3076, as the distal 
scapula blade of NHMUK PV R11000 is asymmetrical across the long axis of the bone, with the 
greater expansion also occurring ventrally. 
 
 
 
Coracoid (Figure 2.5). Well preserved, disc-shaped coracoids are present in SAM-PK-K1106, SAM-
PK-K1107 and NHMUK PV R8501. They are subcircular in lateral and medial views, but are slightly 
taller dorsoventrally than they are long anteroposteriorly. A large, circular coracoid foramen penetrates 
its posteroventral corner. The exit of this foramen on the medial surface leads into a small posteriorly 
extending groove, which is continuous with a groove on the posterior surface of the scapula proximal 
plate. The posterior surface of the coracoid is flattened and expanded mediolaterally for articulation 
with the scapula. The lateral surface is flat to gently convex while the medial surface is slightly 
Figure 2.4. Left scapula of Lesothosaurus 
diagnosticus (NHMUK PV RU B17). (A), lateral 
view; (B), ventral view. Abbreviations: gl, glenoid; 
gr, coracoid foramen groove; Sc, Scapula. Scale 
bar = 20mm. 
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concave. The anterior margin forms a continuous curve that forms an almost complete semicircle 
before turning posterodorsally to form the thin dorsal margin of the element. The ventral margin of the 
coracoid bears a distinct upwardly concave notch in lateral view, which separates the glenoid from a 
small rounded anteroventral (sternal) process. In posteroventral view, the glenoid fossa is subcircular 
in outline, with its long axis directed mediolaterally. The posterolateral surface of the coracoid, medial 
to the glenoid, possesses a small tuber (biceps tubercle) as in Heterodontosaurus tucki (Santa Luca, 
1980). 
NHMUK PV R11000 has a coracoid preserved in articulation with the scapula and shares the same 
morphology as the coracoids of SAM-PK-K1106 and SAM-PK-K1107. 
 
 
 
2.3.3 FORELIMB 
Humerus (Figure 2.6). The humerus is elongate, straight in anterior and lateral views, and consists of a 
slender shaft linking transversely expanded proximal and distal ends. The proximal expansion differs 
slightly in each of the available specimens. In NHMUK PV RU B17, the medial tuber and 
deltopectoral crest expand to a similar extent either side of the shaft long axis in anterior view, but this 
symmetry is absent in other, larger specimens, which have relatively larger medial tuber, leading to 
marked asymmetry of the proximal humerus, which more closely resembles the condition seen in 
Eocursor parvus, Heterodontosaurus tucki, Hypsilophodon foxii, Hexinlusaurus multidens and 
Scutellosaurus lawleri (Galton 1974; Santa Luca 1980; Colbert 1981; He & Cai, 1984; Sereno 2012; 
Galton 2014). In dorsal view, the proximal end of the humerus describes a ‘C’-shaped curve and has a 
gently convex surface consisting of the medial tuber, humeral head and deltopectoral crest, from 
medial to lateral. The humeral head and medial tuber are of approximately the same anteroposterior 
thickness, and the humeral head does not form a distinct rounded process. Lateral to the humeral head, 
the bone tapers to a sub-triangular point as it extends into the deltopectoral crest. In anterior view, the 
proximal portion of the humerus bears a deep depression that is defined laterally by the deltopectoral 
crest and medially by a tubercle. This depression is widest proximally and narrows distally to a ‘V’-
Figure 2.5. Coracoid of 
Lesothosaurus diagnosticus (SAM-
PK-K1106). (A), lateral view; (B), 
medial view. Abbreviations: bitu, 
biceps tuber; cofo, coracoid foramen. 
Scale Bar = 20mm. 
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shaped terminus that lies at the same level as the ventral margin of the deltopectoral crest in NHMUK 
PV RU B17. This depression is bordered dorsally by a rounded lip that extends for the full width of 
the proximal margin. The well-developed deltopectoral crest flares laterally from the proximal end in 
anterior view and is 31.3% of the length of the humerus. The apex of the deltopectoral crest is a small, 
flattened rectangular surface in NHMUK PV RU B17 (although this could represent damage as the 
crest is incomplete), but is more rounded in other specimens. In NHMUK PV RU B17, the posterior 
surface of the proximal end bears a rounded intermuscular line that extends ventrally from the humeral 
head and divides the posterior surface into two shallow convexities before merging into the shaft 
distally. 
The humeral shaft has a rounded, sub-elliptical transverse cross-section. In anterior view, the distal 
expansion lies in the same plane as the proximal expansion. The radial and ulnar condyles are 
separated by a shallow, sub-triangular concavity in anterior view that extends dorsally for 
approximately 20% of the length of the humerus. The radial condyle extends slightly further ventrally 
than the ulnar condyle in anterior view and is wider transversely in distal view. In distal view, the 
humerus of NHMUK PV RU B17 has an asymmetrical dumbbell-shaped outline, with the radial 
condyle having an elliptical outline with its long axis oriented mediolaterally. The radial condyle is 
approximately twice the width of the ulnar condyle. The ulnar condyle is ovate in outline with its long 
axis extending posteromedially/anterolaterally. In posterior view, the two distal condyles are separated 
by a shallow hemispherical depression. Unlike the condition present in Heterodontosaurus  
36 
 
< Figure 2.6. Left humerus of Lesothosaurus diagnosticus (NHMUK PV RU B17). (A), anterior view; (B), 
ventral view; (C), posterior view; (D), dorsal view. Abbreviations: adep, anterior depression; dpc, deltopectoral 
crest; H.head, humeral head; rc, radial condyle; tu, tuber; uc, ulnar condyle. Scale bar = 20mm. 
 
tucki, the humerus shows no twisting around its longitudinal axis (Santa Luca et al. 1976; Santa Luca 
1980). In NHMUK PV RU B17 the humerus is 63.3% of femur length and not 55% (contra Thulborn 
1972). Other basal ornithischian taxa have humerus:femur ratios closer to this revised figure, including 
Eocursor parvus (63.3%: Butler 2010), Hexinlusaurus (65%: He & Cai 1984), Heterodontosaurus 
(73%: Santa Luca 1980) and Scutellosaurus (73%: Colbert 1981). However, this ratio can be 
calculated only for NHMUK PV RU B17 as it is the only specimen that includes a complete femur and 
humerus. All other Lesothosaurus specimens are very similar in overall morphology to NHMUK PV 
RU B17, with the exceptions of the above-mentioned preservational and ontogenetic differences. 
Radius (Figure 2.7). The radius of Lesothosaurus diagnosticus is a straight element that is expanded 
transversely at the proximal end. This expansion comprises two small, rounded condyles that are 
separated by a small, shallow concavity, as in Eocursor parvus (Butler 2010). The proximal articular 
surface is oval in outline and slightly convex. The shaft of the radius is not bowed and has a circular 
transverse cross-section. The distal end is also circular in cross-section but expands transversely 
relative to the midshaft. The distal articular surface is convex and is circular in distal view. In SAM-
PK-K1106 the radius and ulna are in articulation and almost complete. This specimen demonstrates 
that the radius is marginally shorter than the ulna and has a more circular cross-section. The radius of 
SAM-PK-K401 has a distinct ridge extending along its proximal articular surface but this element is 
badly broken and this feature may be due to damage. 
Ulna (Figure 2.7). The ulna, like the radius, is also not bowed to any substantial degree but has a more 
ovoid cross-section and is slightly longer. As with the radius, the ulna is expanded at its proximal and 
distal ends. The proximal end bears a small anterior process. In some specimens (e.g., NHMUK PV 
RU B17) this projection is minimal and forms part of a smoothly continuous proximal expansion, but 
in some larger specimens (e.g., SAM-PK-K1105, SAM-PK-K1106, SAM-PK-K1107) it is larger and 
forms a distinct triangular projection. The ulna in SAM-PK-K1106 is slightly compressed transversely 
and describes a subtle S-shape along its length. In all ulnae, the proximal end is more strongly 
expanded transversely and dorsoventrally than the distal end, similar to the condition in 
Hypsilophodon foxii (Galton, 1974), and its ventral margin forms a small, bluntly pointed process. The 
olecranon is broad, low and rounded, which differs slightly from the condition seen in 
Heterodontosaurus tucki, which has a more pointed, taller olecranon (Santa-Luca 1980; Galton 2014). 
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Manus (Figure 2.8). Only a single manus is available for Lesothosaurus (NHMUK PV RU B17) and is 
a partially disarticulated collection of bones, including all five metacarpals and some associated 
phalanges. These elements are not preserved in life position, but as a jumble of associated elements 
that are randomly orientated. However, there is some evidence for associations between some of the 
bones enabling positional assignments for some of the phalanges. By comparing the sizes and 
positions of the bones in the assemblage I conclude that, as well as the five metacarpals, it also 
contains the first phalanges of digits I, II and III, the second phalanx of digit II and the ungual 
phalanges of digits I, II and IV. There is no evidence for any carpals in NHMUK PV RU B17 so their 
presence/absence in Lesothosaurus cannot be confirmed. Sereno (1991a) provided an account of the 
manus in NHMUK PV RU B17 and this is revised herein. The manus is described here in a palm 
down orientation. 
All of the metacarpals in L. diagnosticus have proximal ends that are dorsoventrally expanded relative 
to their shafts. Metacarpal V has the greatest dorsoventral depth of the metacarpals but its proximal 
end is transversely thinner than the proximal ends of the other metacarpals. The dorsal surfaces of the 
metacarpals are flat to slightly convex and their ventral surfaces are slightly concave. The concave 
nature of the ventral surfaces appears to be a real morphology and not to be a result of post mortem 
deformation. The ventral surfaces of metacarpals II and IV also bear small grooves that extend from 
the proximal articular end to roughly three-quarters of the length of the shaft. The presence of similar 
grooves in the other metacarpals cannot be confirmed. In their midshaft, metacarpals I–IV have a sub-
circular cross-sections whereas metacarpal V is more mediolaterally compressed and ovoid. Distally 
metacarpals I–III are expanded anteroposteriorly and transversely. Metacarpal V is not expanded 
distally but instead tapers, which, with the proximal expansion, gives it a triangular shape overall. 
Metacarpal IV is broken distally. Metacarpal III possesses a distinct pair of ventrally projecting 
Figure 2.7. Radius and ulna of Lesothosaurus 
diagnoticus. (A), radius (NHMUK PV RU B17); 
(B), articulated radius and ulna (SAM-PK-
K1105). Abbreviations: apr, anterior process; 
olec, olecranon process; R, radius; U, ulna. 
Scale bars = 20mm. 
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ginglymi at its distal end that have convex distal surfaces. The ginglymi are separated by a small 
depression. 
Metacarpal II of Lesothosaurus diagnosticus is only 17% the length of the humerus. This is a much 
lower figure than the equivalent ratio for Heterodontosaurus tucki (27%: Sereno 2012) and 
Abrictosaurus consors (32%: Sereno 2012) and is closer to Hypsilophodon foxii (20%: Galton 1974) 
in this regard. Metacarpals I and V are both shorter than metacarpals II, III and IV, as in 
Heterodontosaurus tucki and Abrictosaurus consors (Sereno 2012). Metacarpals II and IV are roughly 
the same length in L. diagnosticus and are only 75% as long as metacarpal III. This is different to the 
condition seen in Heterodontosaurus tucki and Abrictosaurus consors, in which the second metacarpal 
is longer than metacarpal III and metacarpal IV (Santa Luca 1980; Sereno 2012; Galton 2014) and is 
more like the condition seen in Hypsilophodon foxii (Galton 1974). 
Digit II is the most complete overall, with two preserved non-ungual phalanges and an ungual 
phalanx. The non-ungual phalanges have a morphology similar to the pedal phalanges, with expanded 
proximal and distal ends. The proximal expansion of the metacarpals is greater than the distal 
expansion and the midshafts are constricted relative to both ends. The dorsal surfaces are convex and 
the ventral surfaces are slightly concave, giving the phalanges a kidney-shaped cross-section. It cannot 
be established whether or not the phalanges bear ligament pits on the medial and lateral sides of their 
distal ends, or well developed extensor pits on their dorsal surfaces. Phalanx 1 of digit 1 is straight; the 
distal end is not rotated relative to the proximal end. Phalanx I of digit II is the largest of the preserved 
phalanges and is kidney-shaped in distal view. The proximal phalanges of Lesothosaurus diagnosticus 
lack well developed distal ginglymi. 
The unguals are slightly dorsally curved in lateral view and taper distally to form a point. In dorsal 
view the ungual phalanges have a triangular profile. The dorsal surfaces of the unguals are concave 
and deep parallel grooves run along the length of the lateral and medial portions of the dorsal surfaces. 
The ventral surfaces of the unguals are flat to slightly concave and bear no grooves or pits. 
 
 
Figure 2.8. Right manus of Lesothosaurus 
diagnosticus. (A), line drawing of bone 
assemblage that includes many bones of the 
manus of NHMUK PV RU B17; (B), 
reconstruction of the manus showing the known 
elements. Abbreviations: McI, metacarpal I; 
McII, metacarpal II; McIII, metacarpal III; McIV, 
metacarpal IV; McV, metacarpal V; mp, manual 
phalanx; u, ungual phalanx. Scale bar = 20mm. 
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2.3.4 PELVIC GIRDLE 
Ilium (Figure 2.9). Both ilia are preserved in NHMUK PV RU B17, with the right ilium being the 
more complete. The ilia are thinnest transversely along their dorsal margins and thicken transversely 
ventrally to a maximum mediolateral expansion immediately dorsal to the acetabulum. This is similar 
to the condition in Eocursor parvus, Heterodontosaurus tucki and Hypsilophodon foxii (Galton 1974; 
Santa Luca 1980; Butler 2010; Sereno 2012; Galton 2014). In lateral view, the dorsal margin of the 
ilium is gently convex along its full length. The lateral surface of the iliac body is slightly concave 
dorsoventrally, with this concavity increasing ventrally due to the lateral expansion of the 
supraacetabular flange. The supraacetabular flange projects perpendicular to the lateral surface of the 
ilium, forming the dorsal margin of the acetabulum and giving the dorsal acetabular margin a 
semicircular lateral profile. The acetabulum is partially closed by a medial flange that extends 
ventrally from the main body of the ilium. The combined presence of a laterally projecting 
supraacetabular flange and a partially closed acetabulum is also seen in Scelidosaurus harrisonii, 
Eocursor parvus and Agilisaurus louderbacki (Owen 1861, 1863; NHMUK PV R1111; Peng 1992; 
Barrett et al. 2005; Butler 2010). Heterodontosaurus tucki and Scutellosaurus lawleri also possess a 
prominent supraacetabular flange but have fully open acetabula (Santa Luca 1980; Colbert 1981; 
Sereno 2012). Conversely, Hexinlusaurus multidens has a partially closed acetabulum but lacks a 
distinct supraacetabular flange (He & Cai 1984; Barrett et al. 2005). In both Agilisaurus louderbacki 
and Hexinlusaurus multidens the medial flange of the ilium that partially closes the acetabulum is 
much less prominent than those in Lesothosaurus diagnosticus and Scelidosaurus harrisonii and the 
acetabula of H. multidens and A. louderbacki are more 'open' as a result (NHMUK PV R1111; He & 
Cai 1984; Peng 1992; Barrett et al. 2005). In ventral view, the ventral surface of the acetabulum is 
concave and is almost as wide transversely as it is anteroposteriorly, which gives it a dome-like 
appearance. The same feature is also present in the ilia of SAM-PK-K401 and NM QR 3076, as well 
as in the paratype of Stormbergia (NHMUK PV R11000). The curved supraacetabular flange follows 
the curvature of the acetabulum and extends anteroventrally to merge with the ventral margin of the 
pubic peduncle. 
In lateral view, the pubic peduncle projects anteroventrally in its proximal part, but curves as it 
extends distally to become more anteriorly oriented. It terminates in a rounded, blunt apex. The 
proximal part has a subtriangular transverse cross-section, whereas the distal end becomes flattened 
and more elliptical, with the long axis of this ellipse extending transversely. The anterior surface of the 
pubic peduncle describes a smooth, continuous curve with the anterior margin of the ilium and the 
posteroventral margin of the preacetabular process. This curved anterior margin is roughly 
semicircular in outline and has a diameter roughly equivalent to the dorsoventral height of the ilium 
(as measured from the dorsal margin of the acetabulum to the dorsal margin of the iliac body). This 
differs from the condition seen in Hypsilophodon foxii, which has a much narrower, oval-shaped 
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anterior iliac margin, the dorsoventral height of which is around half of iliac height (Galton 1974). The 
ischiadic peduncle of Lesothosaurus diagnosticus takes the form of a broad, slightly rounded, block-
like ventral projection with a squat triangular outline in lateral view and forms the posterior margin of 
the acetabulum. It has a narrow, triangular transverse cross-section in ventral view, with the apex of 
this triangle pointing laterally. It forms a more distinct process than that of Scelidosaurus harrisonii 
(NHMUK PV R1111, NHM UK PV R6704), and is more similar in outline to those of Agilisaurus 
louderbacki, Jeholosaurus shangyuanensis and Hypsilophodon foxii, although there are minor 
differences in proportions between these taxa (Galton 1974; Peng 1992; Barrett et al. 2005; Butler 
2005; Han et al. 2012). 
The preacetabular process of L. diagnosticus is elongate, dorsoventrally narrow, mediolaterally 
flattened and extends anteriorly from the main body of the ilium. Its dorsal margin is smoothly 
continuous with the curvature of the dorsal margin of the iliac body, whereas the ventral margin of the 
preacetabular process is much straighter in lateral view. This leads to narrowing of the anterior end of 
the preacetabular process, as in Scelidosaurus harrisonii (NHMUK PV R1111, NHM UK PV R6704). 
The anterior end of the preacetabular process in L. diagnosticus is also oriented slightly 
anteroventrally, differing from the condition in Scelidosaurus harrisonii but much more similar to that 
of Agilisaurus louderbacki and Hexinlusaurus multidens (He & Cai 1984; Peng 1992; Barrett et al. 
2005). The preacetabular process is deflected laterally from the main body of the ilium at an angle of 
about 10 degrees in dorsal view. In NHMUK PV RU B17 the preacetabular process measures 
28.6 mm in length, which is 38.5% of total preserved ilium length (74.2mm). The same ratio is 35% in 
SAM-PK-K401. The preacetabular length to total ilium length ratio for other ornithischians is similar, 
but slightly higher: Jeholosaurus shangyuanensis (40%: Han et al. 2012), Hypsilophodon foxii (44%: 
Galton 1974) and Scelidosaurus harrisonii (46%: NHM UK PV R6704). It is possible that the 
postacetabular process in NHMUK PV RU B17 is incomplete, which makes the value for SAM-PK-
K401 a more reliable figure for Lesothosaurus diagnosticus in such comparisons. 
It is also worth noting that, regardless of whether the ilium of the syntype material is broken 
posteriorly or not, the relative length of the postacetabular process differs between the available 
specimens of Lesothosaurus diagnosticus by a small amount. In NHMUK PV RU B17 it measures 
14.1 mm (19%) of total preserved ilium length, but in larger specimens it is proportionally longer, as 
in SAM-PK-K401, in which the postacetabular process represents 36% of total ilium length. Given 
that the postacetabular process of Heterodontosaurus tucki accounts for around 25% of ilium length 
(Santa Luca 1980) and 36% in Jeholosaurus shangyuanensis (Han et al. 2012) it seems more likely 
that the figure for SAM-PK-K401 is more representative of the condition in Lesothosaurus 
diagnosticus. In all specimens of Lesothosaurus diagnosticus the postacetabular process is shorter, 
dorsoventrally deeper and transversely thicker than the preacetabular process. The brevis shelf of 
Lesothosaurus diagnosticus is ventrolaterally angled so that it and the brevis fossa are clearly visible 
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in lateral view. This condition is also seen in some other early ornithischians such as Agilisaurus 
louderbacki and Scelidosaurus harrisonii, but is absent in more derived taxa such as Hypsilophodon 
foxii and Hexinlusaurus multidens (Galton 1974; Barrett et al. 2005). 
The medial surfaces of the ilia in NHMUK PV RU B17, including the sacral rib attachment areas, are 
poorly preserved. However, three sacral rib scars are clearly visible on the medial surface with the 
possibility of a fourth sacral rib scar lying anterior to these. Four clear sacral rib scars are visible in 
SAM-PK-K401. The anterior-most scar is situated near the anterior margin of the medial face, slightly 
ventral and posterior to the start of the preacetabular process. The second scar is located posterior to 
the first and is dorsoventrally deeper so that it partially lies upon the proximal portion of the pubic 
peduncle. The subsequent scars each fall along a straight line that runs ventral to a faint medial crest. 
This crest rises out of the centre of the medial face and runs along the ventral margin of the 
postacetabular process. Anteriorly the crest is small, extending only a short distance medially. 
However, in its posterior half, the crest becomes larger, extending further medially. As stated above, 
more than three sacrals are expected in Lesothosaurus diagnosticus, most likely 5–6, based upon the 
sacral series of SAM-PK-K1107 and comparisons with other basal ornithischians such as 
Heterodontosaurus tucki and Manidens condorensis (Butler 2005; Pol et al. 2011a; Sereno 2012). 
Another feature that can be seen in medial view is a small horizontal ridge that extends 
anteroposteriorly along the posterior section of the preacetabular process (see Maidment & Barrett 
2011). 
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<Figure 2.9. Ilia of Lesothosaurus diagnosticus. (A), right ilium of NHMUK PV RU B17 in lateral view; (B), 
right ilium of SAM-PK-K1107 in lateral view; (C), left ilium of NHMUK PV R11000 in medial view; (D), left 
ilium of SAM-PK-K400 in lateral view. Abbreviations: bs, brevis shelf; ischpd, ischiadic peduncle; mw, medial 
wall; poap, postacetabular process; preap, preacetabular process; pupd, pubic peduncle; sacs, sacral rib 
attachment scars; supac, supraacetabular crest. Scale bars = 20mm. 
 
The paratype ilium of S. dangershoeki (NHMUK PV R11000) shares the same morphology as the 
slightly larger specimens of L. diagnosticus (well developed supraacetabular flange, ventromedially 
angling brevis shelf visible in lateral view, a robust, elongate pubic peduncle, acetabulum partially 
closed medially by a ventral flange) and is indistinguishable in terms of its characteristics, with no 
substantial differences visible (Figure 2.9). Two additional undescribed ilia from the upper Elliot 
Formation (NHMUK PV R11002 and NHMUK PV R11003) are also indistinguishable from 
specimens of Lesothosaurus diagnosticus and Stormbergia dangershoeki. Each preserves evidence for 
a partially closed acetabulum and they are both referred to Lesothosaurus herein. 
Pubis (Figure 2.10). The pubis of Lesothosaurus diagnosticus is composed of a small proximal plate 
and a long, slender pubic shaft that projects posteroventrally, parallel to the ischium. Both pubes of 
NHMUK PV RU B17 are broken in several places along the length of the shaft, preventing accurate 
reconstruction of their total lengths. 
The prepubic process is missing in most specimens but is preserved in SAM-PK-K1106 (Figure 2.11). 
In Lesothosaurus diagnosticus it appears to be stub-like, rounded and poorly developed, extending 
only a short distance anteriorly; it does not extend as far anteriorly as the anterior margin of the iliac 
preacetabular process. In this regard the prepubic process is similar to those of Eocursor parvus, 
Heterodontosaurus tucki, Manidens condorensis and Scelidosaurus harrisonii (Santa Luca 1980; 
Butler 2010; Pol et al. 2011a; Sereno 2012). The prepubic process is thickest ventrally, and in lateral 
view its ventral margin is slightly rounded and merges into the pubic shaft posteriorly. The ventral 
margin of the prepubic process is also longer anteroposteriorly than the dorsal margin, creating an 
anteroventrally sloping anterior margin, which differs from the condition seen in Agilisaurus 
louderbacki and Hypsilophodon foxii, in which the anterior margins of the process are vertical to 
slightly posterodorsally oriented (Galton 1974; Peng 1992; Barrett et al. 2005). The lateral surface of 
the prepubic process has a shallow depression that extends anteroposteriorly along its full length. On 
the posterior margin of the proximal pubis a rounded expansion forms the iliac and ischiac articular 
surfaces and partially encloses the obturator foramen. The obturator foramen of the syntype material is 
not completely closed, but is 'open' posteroventrally, whereas in SAM-PK-K401, the foramen is fully 
enclosed. The diameter of the foramen is greater than the diameter of the pubic shaft. A completely 
closed obturator foramen is found in some other ornithischian taxa including Eocursor parvus, 
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Agilisaurus louderbacki and Hypsilophodon foxii (Galton 1974; Peng 1992; Butler 2010). This 
difference between specimens of Lesothosaurus diagnosticus may be intraspecific or ontogenetic 
variation. The posterior margin of the obturator foramen in NHMUK PV RU B17 is composed of 
undamaged finished bone, suggesting that the foramen was genuinely open in life (see also Thulborn 
1972; Sereno 1991). The pubis of NM QR 3076 also has an 'open' obturator foramen, which lends 
further support to the suggestion that this feature is ontogenetically or intraspecifically variable. In 
BP/1/4885 a disparity occurs, with the right pubis having a closed obturator foramen, while that of the 
left pubis is open, although it is possible that this difference is due to damage. However, there does 
appear to evidence from other specimens of differing levels of ossification occurring in the left and 
right pelvic girdles of the same individuals, with some cartilaginous features ossified and others not 
(see below), which might be related to differing stress patterns experienced by different individuals 
during life, or minor variation in the timing of local ossification patterns. The acetabular margin of the 
pubis is anteroposteriorly short, with the proximal surface being slightly concave. The articulation 
with the ilium is not ventrally expanded. The articular surface forms a concavity that runs 
proximodistally down the posterior surface of the pubis, posterior to the obturator notch/foramen. The 
articulation with the ischium is reduced to a small proximal contact in which the pubic process of the 
ischium backs the posterior and ventral margins of the body of the pubis, posterior and ventral to the 
obturator foramen/notch. In the specimens that have an obturator notch (NHMUK PV RU B17) it is 
suggested here that that the pubic process of the ischium contacts the pubis in a way that essentially 
'closes' the margins of the notch, making it into a foramen functionally.     
Based upon the preserved material, it appears that the pubic shaft of NHMUK PV RU B17 is at least 
equal to, or slightly greater in length than, the length of the ischium. These proportions are also found 
in other basal ornithischians such as Heterodontosaurus tucki, Hexinlusaurus multidens and 
Agilisaurus louderbacki (Santa Luca 1980; He & Cai 1984; Barrett et al. 2005; Sereno 2012; Galton 
2014). The pubic shaft is long, thin and rod-shaped, with a roughly circular transverse cross-section. A 
medially flattened area for the formation of a short pubic symphysis is limited to the distal-most end of 
the shaft. The distal end of the pubis is not expanded relative to the rest of the shaft. 
Ischium (Figure 2.12). The morphology of the ischium in L. diagnosticus varies from specimen to 
specimen and the distribution of these differing morphologies is not as clear-cut as suggested 
previously (Thulborn 1972; Sereno 1991a; Butler 2005). There is variation among specimens in terms 
of the presence/absence of the obturator process and in the length of the ischial symphysis: the 
implications of these differences are discussed below. This variance also seems to correlate with the 
sizes of the individuals concerned, at least in part. 
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Figure 2.10. Pubes of Lesothosaurus diagnosticus. (A), proximal pubis of SAM-PK-K401 in lateral and medial 
views; (B), SAM-PK-K1105 in lateral and medial views; (C), NHMUK PV RU B17 in lateral view. 
Abbreviations: obfo, obturator foramen; obntch, obturator notch; prepub, prepubic process; ps, pubic shaft. Scale 
bars = 20mm.  
 
Both ischia are preserved in NHMUK PV RU B17, but the right ischium is slightly more complete. 
The proximal plate supports two distinct processes. A large, sub-rectangular, transversely flattened 
plate forms the anteriorly extending pubic process, and a smaller, sub-triangular, transversely thicker 
plate forms the posteriorly positioned and dorsally extending iliac process. The medial surface of the 
proximal ischium is strongly concave. In lateral view, the dorsal margins of these processes converge 
to form a smooth, gently concave surface that forms the posteroventral part of the acetabular rim, as in 
most other ornithischian taxa including Agilisaurus louderbacki, Hexinlusaurus multidens and 
Hypsilophodon foxii (Galton 1974; He & Cai 1984; Peng 1992: Barrett et al. 2005). The two processes 
merge ventrally to form a small central plate. The lateral surfaces of both the pubic and iliac processes 
bear a low ridge, which originates from the anterodorsal corner of the pubic process and the dorsal 
margin of the iliac process. Ventrally, these ridges converge at a point just dorsal to the narrowing of 
the proximal plate that forms the ischial shaft. This combined ridge continues distally along the full 
length of the ischial shaft, along the centre of the shaft’s lateral surface in its proximal half, but 
migrating to a more posterior position distally. 
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The proximal end of the ischial shaft extends ventrally and slightly posteriorly from the proximal 
plate. At the point where the abovementioned lateral ridge starts to migrate posteriorly the shaft also 
flexes to extend more posteriorly. In NHMUK PV RU B17, the distal section of the shaft is twisted 
slightly medially, similar to the condition in Eocursor parvus (Butler 2010). In anterior view, the 
anterior margin of the ischial shaft bows medially in its midsection exposing a portion of the lateral 
surface, which is partially rotated to face anteriorly. In lateral view, the shaft is anteroposteriorly 
narrow and maintains an almost constant width along its entire length, although it is weakly expanded 
distally. The ischial symphysis in NHMUK PV RU B17 accounts for more than 50% of total shaft 
length, again similar to the condition in Eocursor parvus (Butler 2010). A distinct groove extends 
along the dorsal margin of the ischial shaft, which is also seen in Agilisaurus louderbacki and 
Eocursor parvus (Peng 1990, 1992, 1997; Barrett et al. 2005; Butler 2010). Poor preservation of the 
ventral margins in both syntype ischia makes it difficult to determine if NHMUK PV RU B17 had a 
distinct obturator process or not and the presence/absence of this character remains ambiguous due to 
the multiple alternative interpretations allowed by breakage (see below). In medial view, the surface of 
the shaft is concave transversely. In transverse cross-section the shafts are thickest posteriorly, having 
a rounded, rod-like structure that then expanding to a thinner, more flattened form anteriorly. 
In SAM-PK-K401 only the proximal ends of the ischia are preserved so that it is not possible to 
determine if an obturator process was present or absent, nor can the extent of the symphysis be 
determined. The proximal plate and proximal part of the ischial shaft have the same morphology as 
NHMUK PV RU B17. 
Although Butler (2005) did not recognise it as part of the same specimen, a partial ischium is 
preserved in the block containing NM QR 3076. Although it is out of life position, the size, 
morphology and preservation of this ischium all indicate that it belongs to the same block and is 
probably from the same individual as the rest of the material. This ischium is incomplete, with only 
the proximal end preserved, but its shape suggests that the anterior margin of the shaft formed a 
continuous, gentle expansion, rather than a distinct 'tab-shaped' obturator process and so is more 
similar to the condition seen in Laquintasaura venezuelae (Barrett et al. 2014) than that in Agilisaurus 
louderbacki, Hexinlusaurus multidens, Jeholosaurus shangyuanensis or Hypsilophodon foxii (Galton 
1974; Peng 1990, 1992, 1997; Barrett et al. 2005, 2014; Han et al. 2012). 
BP/1/4885 includes two pairs of ischia, which can be easily distinguished on the basis of size, and 
both of these ischial pairs possess a clear tab-shaped obturator processes on at least one of the ischia. 
However, in the both pairs, the right ischium appears to lack a tab-shaped obturator process. In the 
smaller of the ischial pairs, the right ischium appears to have a roundly expanded and continuous 
anterior margin that forms part of a more generally expanded ischial shaft. The absence of a process 
on each right ischium could be a result of deformation or breakage, but it could also be the case that 
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this is an example of skeletal asymmetry within these individuals. Although they are partially 
obscured by overlying material, the ventral surfaces do not appear to be broken, but instead are smooth 
and continuous. In the larger ischial pair the condition of the obturator process in the right ischium is 
harder to clarify as the specimen is not fully prepared. Based upon the visible morphology, this 
ischium lacks a tab-shaped obturator process, or the anteroventral expansion seen in the other 
specimen within the block, again exhibiting potential asymmetry between the left and right ischia. 
Butler (2005: p. 186) reconstructed the larger right ischium in the block without a tab-shaped process, 
but did not discuss its absence. Regardless, there seems to be some degree of variation in the ischia of 
L. diagnosticus, particularly with regard to the absence/presence of a ‘tab-shaped’ obturator process 
(see section 2.4.4). 
 
 
 
 
 
 
 
 
 
 
The holotype of Stormbergia dangershoeki (SAM-PK-K1105) possesses a clear tab-shaped obturator 
process, as in Agilisaurus louderbacki, Hexinlusaurus multidens, Jeholosaurus shangyuanensis and 
derived ornithopods (He & Cai 1984; Peng 1990, 1992, 1997; Barrett et al. 2005; Han et al. 2012). 
Figure 2.11. Bone assemblage containing 
material of Lesothosaurus diagnosticus (SAM-
PK-K1106). (A), assemblage; (B), line 
drawing. Abbreviations: Cor, coracoid; Fib, 
fibula; Pu, pubis; Sc, scapula. Scale bar = 
20mm. 
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The ischial symphysis occupies a flat surface that is confined to the distal end of the medial shaft 
surface. This articular surface extends further proximally than suggested by Butler (2005): the distance 
between the start and the end of the flattened symphysis area is 110 mm, which is almost the full 
length of the shaft. The same length of ischial symphysis is also present in NHMUK PV R11000, as 
well as a tab-shaped obturator process. Although the ischia in this specimen appears to be less strongly 
twisted than NHMUK PV RU B17 it does have multiple fractures along its length, which suggests that 
caution should be used when discussing the level of twisting in the shaft. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12. Ischia of Lesothosaurus diagnosticus. (A), left ischium of SAM-PK-K1105 in medial view; (B), 
right ischium of NHMUK PV RU B17 in lateral and medial views; (C), right ischium of SAM-PK-K401 in 
lateral and medial views. Abbreviations: ilpr, iliac process; obpr, obturator process; pupr, pubic process; symph, 
symphysis. Scale bars = 20mm 
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2.3.5 HIND LIMB 
Femur (Figure 2.13). The shaft of the femur is bowed anteriorly, with the apex of the curve occurring 
approximately midway along its length. In NHMUK PV RU B17 the shaft is also bowed medially, 
though to a much lesser extent than it is anteriorly. The medial bowing also occurs slightly more 
distally, at a point approximately three-quarters of the way along its length. In larger individuals this 
medial bowing is absent. 
In all specimens the femoral head is in-turned, extending dorsomedially, although in NHMUK PV RU 
B17 and SAM-PK-K400 the level of medial in-turning is to a much lesser extent than in larger 
specimens of Lesothosaurus diagnosticus and also Fruitadens haagarorum and Heterodontosaurus 
tucki (Santa Luca et al. 1976; Santa Luca 1980; Butler 2010), instead appearing more similar to the 
condition of the femoral head in Eocursor parvus (Butler 2010). However, in the larger femora of 
Lesothosaurus diagnosticus the level of medial in-turning is similar to the condition in Fruitadens 
haagarorum and Heterodontosaurus tucki, as well as other ornithischian taxa such as Jeholosaurus 
shangyuanensis and Hypsilophodon foxii (Galton 1974; Santa Luca et al. 1976; Santa Luca 1980; 
Butler et al 2012; Han et al. 2012). In relation to the transverse axes through the distal articular 
condyles, the femoral head of Lesothosaurus diagnosticus projects directly medially, rather than 
anteromedially or posteromedially. The greater trochanter is broad, flat and blade-like and is separated 
from the articular head by a shallow depression on the proximal surface, the fossa trochanteris. The 
greater trochanter is separated from the anterior trochanter by a deep cleft, which is most clearly 
visible in lateral view. This cleft extends as a deep groove for a short distance along the proximolateral 
surface of the femur, terminating ventrally at a point level with the dorsal margin of the fourth 
trochanter. The anterior trochanter is blade-like in lateral view, and its dorsal margin slopes 
anteroventrally. In anterior view, the anterior trochanter is positioned laterally on the proximal portion 
of the femur. It has a narrow sub-triangular transverse cross-section and its apex terminates well below 
the level of the greater trochanter. A small, sharp dorsolateral trochanter is also present in 
Lesothosaurus, just as in Heterodontosaurus and Eocursor (Santa Luca 1980; Butler 2010; Galton 
2014). 
The fourth trochanter is pendent, sub-triangular in outline in lateral view, diverges from the shaft in 
the proximal half of the bone, and extends posteroventrally. The surface of the fourth trochanter is 
convex medially, and the tip is laterally inflected. In posterior view the edge of the fourth trochanter 
has an elongated ‘S’-shaped outline. The femoral shaft is sub-triangular to ovate in transverse cross-
section, as the posterior surface is transversely expanded to a greater degree than the anterior surface, 
which is narrower and forms a rounded leading edge. Minimum shaft diameter occurs ventral to the 
base of the fourth trochanter. 
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The fibula condyle projects slightly further distally and posteriorly than the tibial condyle and is also 
mediolaterally broader, though the tibial epicondyle is mediolaterally broader than the fibular 
epicondyle. The two epicondyles extend for the same distance posteriorly and are separated posteriorly 
by a deep, broad groove that extends approximately one-quarter of the distance up the shaft, tapering 
dorsally as it does so. An anterior intercondylar groove is absent. 
A complete left femur is preserved in NM QR 3076. It 234.5 mm long and has a very similar 
morphology to femora of other larger individuals (SAM-PK-1105, SAM-PK-1107), in that its head is 
offset at a greater angle to the long axis of the shaft than in the smaller specimens (the head is almost 
perpendicular to the shaft) and it displays anterior bowing of the shaft but no medial bowing. In NM 
QR 3076 the posterior intercondylar groove continues further up the shaft than it does in other 
specimens, although it narrows as it extends proximally, and terminates at around the same point as 
the base of the fourth trochanter. The fourth trochanter, as in the other specimens, arises from the 
medial margin of the posterior surface and is deflected laterally. The proximal end of another left 
femur is catalogued with NM QR 3076. However, the size, shape and preservation of this bone 
suggests that, along with a similar partial tibia, it is not part of the same individual as the remaining 
elements. The overall morphology of the femur is the same in all specimens of L. diagnosticus, but the 
small differences present seem to correspond with size differences between the specimens (see 
Discussion). The femora of BP/1/4885, a medium-sized specimen, lends further evidence for a such a 
link between the absence/presence of these features and size, given that it shows a greater degree of 
medial bowing and a lesser angle of offset of the head from the shaft than the largest specimens 
(SAM-PK-1107, NM QR 3076), but a lesser degree of medial bowing and a slightly greater angle of 
offset of the head than the smaller femora of the syntypes. 
A large, proximal femur is present in SAM-PK-K401, but it is not clear if it is associated with the rest 
of the specimen. It is much larger than that of NHMUK PV RU B17 and has a small, distinct crest on 
its anterior surface that extends parallel to the shaft, a feature that is unknown in other specimens of 
Lesothosaurus diagnosticus. The offset of the femoral head is greater than in NHMUK PV RU B17. 
Although it is broken, it is possible to confirm the presence of a large, asymmetric fourth trochanter. 
The base of the fourth trochanter is positioned at the centre of the posterior surface of the femoral 
shaft, rather than close to the medial margin as in NHMUK PV RU B17. 
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Figure 2.13. Left femur of Lesothosaurus diagnosticus (NHMUK PV RU B17). (A), anterior view,; (B), medial 
view; (C), posterior view; (D), lateral view. Abbreviations: anttr, anterior trochanter; dlte, dorsolateral 
trochanter; F.head, femoral head; fc, fibular condyle; lc, lateral condyle; mc, medial condyle; 4th, fourth 
trochanter. Scale bar = 20mm.   
 
The femur of the holotype of Stormbergia dangershoeki (SAM-PK-K1105) is closer in size to SAM-
PK-K1107 and NM QR 3076 than it is to NHMUK PV RU B17 and its morphology is most similar to 
that of SAM-PK-K1107. The femur of SAM-PK-K1105 is bowed anteriorly, but not medially, as in 
SAM-PK-K1107 and the head is offset from the shaft to a greater degree than in NHMUK PV RU 
B17, SAM-PK-K400 and BP/1/4855. Otherwise, the femur of SAM-PK-K1105 is very similar in 
overall morphology to the specimens of L. diagnosticus, as well as to a number of other ornithischians 
such as Laquintasaura venezuelae, Agilisaurus louderbacki, Jeholosaurus shangyuanensis and 
Hypsilophodon foxii (Galton 1974; Peng 1990, 1992, 1997; Butler 2005; Han et al. 2012; Barrett et al. 
2014). 
Tibia (Figure 2.14). The tibia is 25% longer than the femur. In lateral and anterior views, it is slightly 
bowed posteriorly and there is a degree of twisting along the shaft, so that the long axes of the 
proximal and distal expansions are set at approximately 90 degrees to each other. The proximal end of 
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the tibia is expanded anteroposteriorly and is divided into three distinct processes: a cnemial crest, 
fibular crest, and posterior crest. In proximal end view, the cnemial crest has a sub-elliptical outline 
and extends anteriorly, but it is laterally deflected in its anterior-most part. It is anteroposteriorly 
longer than the medial condyle in this view. The lateral (fibular) condyle is the smallest of the three 
proximal processes, has a rounded outline, is offset anteriorly from the medial condyle and extends 
laterally or slightly posterolaterally in proximal end view. Finally, the medial condyle extends 
posteriorly, has a sub-triangular outline and is deflected slightly laterally towards its tip. In lateral 
view, these three processes define two shallow sulci that extend down the surface of the shaft for a 
short distance. In this view, the cnemial crest blends smoothly into the anterior margin of the tibial 
shaft around a shallow curved surface, whereas the medial condyle extends as a hook-like flange that 
overhangs the posterior surface of the shaft. 
Proximally the shaft is sub-triangular in transverse cross-section, as in Hypsilophodon foxii (Galton 
1974), with the anterior surface being narrower than the posterior one. Distally, the cross-section 
becomes more in oval, and is more greatly expanded mediolaterally than anteroposteriorly. The shaft 
minimum diameter occurs at approximately midlength. In anterior view, the distal end of the tibia is 
transversely expanded and the malleoli are separated by a small, shallow depression. The posterior 
surface of the distal expansion is convex, with the outer malleolus extending further distally than the 
inner malleolus, which is similar to the condition in Scelidosaurus harrisonii (NHMUK PV R1111), 
Jeholosaurus shangyuanensis (Han et al. 2012) and some neotheropods such as Tachiraptor 
admirabilis (Langer et al. 2014). The inner malleolus of Lesothosaurus diagnosticus is 
anteroposteriorly thicker and slightly more rounded than the outer malleolus, giving the tibia a 
triangular outline in distal end view as in Eocursor parvus (Butler 2010). The outer malleolus of the 
distal tibia of Lesothosaurus is laterally extensive and lies posterior to the lateral margin of distal 
fibula, just as in Eocursor parvus, Agilisaurus louderbacki and Jeholosaurus shangyuanensis, 
differing from the condition seen in Heterodontosaurus tucki, Abrictosaurus consors and Fruitadens 
haagarorum in which the outer malleolus is extended to back the distal fibula but does not reach the 
level of the lateral margin of the fibula (Peng 1992; Butler 2010; Butler et al 2012; Han et al. 2012; 
Sereno 2012; Galton 2014). In posterior view, the two malleoli are divided by a prominent 
intramuscular line that extends dorsally from the ventral margin of the bone for a short distance. The 
posterior surfaces of the malleoli are flat. 
Slightly larger tibiae are present in SAM-PK-K401, which are represented by proximal left and distal 
right portions. Other than their larger size, these tibiae are essentially identical to those of NHMUK 
PV RU B17. SAM-PK-K1106 and NM QR 3076 also preserve tibiae that are much larger than those 
of the syntype, but again do not differ in morphology from the other specimens described. 
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The holotype and paratype of Stormbergia dangershoeki, SAM-PK-K1105 and NHMUK PV R11000, 
preserve portions of the tibia. They are both larger in size than those of the syntypes, but are very 
similar morphologically, particularly that of NHMUK PV R11000, which has identical distal 
morphology to NHMUK PV RU B17. 
 
 
Figure 2.14. Left tibia of Lesothosaurus diagnosticus (NHMUK PV RU B17). (A), anterior view; (B), lateral 
view; (C), posterior view; (D), medial view. Abbreviations: cncr, cnemial crest; imls, inner malleolus; lc, lateral 
condyle; mc, medial condyle; omls, outer malleolus. Scale bar = 20mm.   
 
Fibula. A broken but complete right fibula is preserved in NHMUK PV RU B17 with the distal portion 
in articulation with the distal tibia and the astragalus and calcaneum. The proximal head of the fibula 
is expanded anteroposteriorly and to a lesser extent transversely with respect to the shaft. The 
proximal expansion is asymmetrical, so that it extends further anteriorly, overhanging the shaft. In 
proximal end view it has an elongate elliptical outline. The shaft of the fibula is elongate, thin, bowed 
53 
 
anteriorly and is sub-oval in cross-section, as in Eocursor parvus, Hexinlusaurus multidens, 
Jeholosaurus shangyuanensis and Hypsilophodon foxii (Galton 1974; He & Cai 1984; Butler 2010; 
Han et al. 2012). This is different from the condition seen in some other ornithischians, such as 
Heterodontosaurus tucki and Fruitadens haagarorum, in which the fibula is reduced and splint-like 
(Santa Luca 1980; Butler et al. 2012). The lateral surface of the fibula is flattened whereas the medial 
surface is slightly rounded. The lateral surface also has a central, shallow groove running along its full 
length. The distal end of the fibula is slightly expanded mediolaterally with respect to the shaft, unlike 
the highly reduced distal fibulae of Fruitadens haagarorum and Heterodontosaurus tucki (Santa Luca 
1980; Butler et al 2012; Galton 2014). Fibula fragments associated with other specimens (BP/1/4885, 
NM QR 3076, SAM-PK-K1105) are identical in morphology to the syntype fibula. 
Astragalus. A partial right astragalus is present in NHMUK PV RU B17 and is articulated with the 
distal portions of the right tibia and fibula. Much of this astragalus is covered in matrix and only the 
anterior and medial faces are visible. One feature that is observable in the astragalus of the syntype 
material is a small, triangular anterior ascending process that extends proximally into a narrow anterior 
recess between the tibia and fibula. There does not appear to be a dorsally facing shelf on the 
astragalus for articulation with the fibula, rather the fibular facet is reduced and largely vertical. SAM-
PK-K1106 has a complete astragalus that is articulated with the tibia. Its proximal surface is concave 
and a small, triangular ascending process extends proximally from the centre of its anterodorsal 
surface. NM QR 3076 also has an astragalus, but in this specimen the ascending process is absent due 
to breakage. The distal surface of the astragalus is gently convex to flat in all specimens. 
Calcaneum. A calcaneum is present in NHMUK PV RU B17 but, like the astragalus, is mostly 
obscured by matrix. The calcaneum is highly reduced in size relative to the astragalus but it is not 
possible to say whether the two bones are co-ossified or articulate freely. It is also not possible to 
assess whether the tibia and fibula are fused to the astragalus and calcaneum to form a tibiotarsus 
(tibiofibulatarsus), as they are in Heterodontosaurus tucki and Fruitadens haagarororum (Santa Luca 
1980; Butler et al. 2012; Galton 2014). 
Distal tarsals. NHMUK PV RU B17 includes two possible distal tarsals. These are small, flat and disc-
shaped, and similar to those preserved in Jeholosaurus shangyuanensis (Han et al. 2012). They are 
fully circular in dorsal and ventral views and have concave surfaces both dorsally and ventrally. They 
are not in articulation with any other elements in NHMUK PV RU B17, but in some other specimens 
of Lesothosaurus diagnosticus similar elements cap the proximal ends of the second, third and fourth 
metatarsals, which are best seen in SAM-PK-K1106 and NM QR 3076. However, in NM QR 3076 
this cap appears to be fused to the metatarsal completely, rather than appearing as a separate bone as in 
SAM-PK-K1106. This feature in NM QR 3076 could represent fusion of the distal tarsals and 
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metatarsals in Lesothosaurus diagnosticus. A similar fusion occurs in Heterodontosaurus tucki (Santa 
Luca 1980; Galton 2014).   
Metatarsals (Figure 2.15). The metatarsals of Lesothosaurus diagnosticus are long, thin and closely 
appressed to each other. Of the four metatarsals, metatarsal III is the longest and also has the greatest 
transverse width distally and in its mid-shaft. Metatarsals II and IV are equal or sub-equal in width and 
length, but metatarsal II is slightly more expanded proximally and distally than metatarsal IV. 
Metatarsal I is a short element, being less than half of the length of metatarsal II. This configuration is 
similar to that seen in most other basal ornithischians, including Heterodontosaurus tucki, Tianyulong 
confuciusi, Eocursor parvus, Agilisaurus louderbacki, Jeholosaurus shangyuanensis and 
Hypsilophodon foxii (Galton 1974; Peng 1992; Santa Luca 1980; Zheng et al. 2009; Butler 2010; Han 
et al. 2012; Sereno 2012). However, Lesothosaurus diagnosticus differs from these taxa in lacking 
metatarsal V, a feature considered an autapomorphy of L. diagnosticus herein (see below). 
 
 
 
Metatarsal I is transversely thin at its proximal end and mid-shaft but the distal end is slightly 
expanded, both transversely and anteroposteriorly, to form a rounded articular region similar to that of 
Fruitadens haagarorum (Butler et al. 2012). The proximal end of metatarsal I lies ventral to the 
proximal articular surfaces of metatarsals II, III and IV and its shaft is closely appressed to the shaft of 
Figure 2.15. Metatarsals of Lesothosaurus 
diagnosticus. (A), left metatarsals of NHMUK 
PV RU B17 in anterior view; (B), posterior 
view; (C), lateral views; (D), medial view; (E), 
right metatarsals and pedal phalanges of NM 
QR 3076 in anterior view (oriented 
horizontally). Abbreviations: MtI, metatarsal I; 
MtII, metatarsal II; MtIII, metatarsal III; MtIV, 
metatarsal IV; p1 phalanx 1; p2, phalanx 2; 
prox.cap, distal tarsal that is fused to proximal 
articular surface of metatarsal III. Scale bars = 
20mm.   
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metatarsal II, as in Abrictosaurus consors and Jeholosaurus shangyuanensis (Thulborn 1974; Han et 
al. 2012; Sereno 2012). This differs from the condition in other basal ornithischians, such as 
Tianyulong confuciusi, Heterodontosaurus tucki and Hypsilophodon foxii, in which the proximal 
articular surface of metatarsal I is level with the proximal articular surfaces of metatarsals II, II and IV 
(Galton 1974; Santa Luca 1980; Zheng et al. 2009). Metatarsal II is long, transversely compressed and 
greatly expanded anteroposteriorly at its proximal end. This proximal expansion is much larger than 
the distal expansion, although the distal end of the bone is expanded transversely to a greater degree 
than the proximal end. The proximal end of the metatarsal has a teardrop-shaped cross-section that is 
widest anteriorly and tapers posteriorly. In medial view the proximal portion has a wide, shallow 
depression extending from the proximal margin to roughly one-third of the way down the bone. This 
depression accommodates the medial surface of metatarsal III. The mid-shaft of metatarsal II is 
transversely thin, with rounded anterior and posterior surfaces producing an ovoid cross-section. 
Distally, metatarsal II expands anteroposteriorly to form a rounded articular region. Posteriorly, this 
distal articular region is divided into two small condyles, which are separated by a shallow depression. 
The distal articular surface is evenly convex and smooth. Metatarsal III is not as transversely 
compressed as metatarsal II and it has a more rectangular cross-section in its proximal third. Like 
metatarsal II, the proximal end of metatarsal III is expanded anteroposteriorly, albeit to a lesser extent, 
and the proximal articular surface is flat and featureless. At mid-shaft the cross-section becomes 
triangular as the posterior surface narrows to a sharp ridge. This ridge originates on the lateral side of 
the proximal section and migrates to the middle of the posterior surface distally. The ridge creates two 
relatively flat surfaces, which face posteromedially and posterolaterally and allow for the close 
articulation between metatarsal III and metatarsals II and IV, respectively. The anterior surface of 
metatarsal III is convex in the proximal third of the shaft and flat in the distal third, and overall the 
bone is relatively straight. Distally, metatarsal III is expanded into a broad articular region. The distal 
expansion is formed of two condyles, separated by a concavity on the distal surface, with the medial 
condyle being slightly larger than the lateral. Anteriorly these condyles are rounded and are not 
separated by a groove or gap, although slightly proximal to them the shaft of metatarsal III bears a 
small depression. Metatarsal IV is also compressed transversely, although to a lesser extent than 
metatarsal II, and is slightly bowed anteriorly. Proximally metatarsal IV is transversely broader than 
metatarsals II and III and is less expanded anteroposteriorly. This gives the proximal portion a square 
cross-section. In its midshaft, metatarsal IV has a rounded lateral surface and a flat medial surface, 
producing a ‘D’-shaped cross-section. Distally, metatarsal IV is expanded transversely and forms a 
rounded articular region. In distal view, the articular surface is convex. The posterior surface of the 
distal end is marked by a shallow depression just above the distal margin. Unlike metatarsals II and 
III, the distal end of metatarsal IV is not divided into distinct condyles. Metatarsals II–IV bear shallow 
collateral ligament pits on their distal ends. However, these pits are absent in the distal end of 
metatarsal I. 
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NM QR 3076 has a complete set of metatarsals I–IV, with some phalanges associated with each 
metatarsal. Metatarsal I is relatively longer in NM QR 3076 than in NHMUK PV RU B17 and is 
positioned less posteriorly than it is in other, smaller specimens. Metatarsal V is absent in all 
specimens (NHM UK PV RU B17, SAM-PK-K401, SAM-PK-K1105, SAM-PK-K1106, NM QR 
3076) and given that many of these include otherwise complete, well preserved and articulated 
metatarsi I conclude that the absence of metatarsal V is a real anatomical feature of L. diagnosticus 
and not the result of taphonomic loss (see also Norman et al. 2004). The loss of metatarsal V 
distinguishes L. diagnosticus from other basal ornithischians, such as Heterodontosaurus tucki, 
Scelidosaurus harrisonii, Agilisaurus louderbacki and Jeholosaurus shangyuanensis (Santa Luca 
1980; Peng 1990, 1992, 1997; Han et al. 2012). 
The holotype of Stormbergia (SAM-PK-K1105) has metatarsals that do not differ in any way from 
those of the syntype of Lesothosaurus diagnosticus (Figure 2.16). 
 
 
 
 
 
 
 
Figure 2.16. Metatarsals of SAM-PK-
K1105. (A), anterior view (oriented 
horizontally); (B), line drawing. 
Abbreviations: ascpr, ascending 
process of the astragalus; Astr, 
astragalus; Calc, calcaneum; Fib, 
fibula; Mt I, metatarsal I; Mt II, 
metatarsal II; Mt III metatarsal III; Mt 
IV, metatarsal IV. Scale bar = 20mm  
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Phalanges (Figure 2.17). Pedal phalanges are preserved in several specimens and some of these are 
articulated with each other or the metatarsus, as in SAM-PK-K401 and NM QR 3076. In the most 
complete of these specimens (SAM-PK-K401) there are 11 phalanges in total; nine non-ungual and 
two ungual phalanges. The majority of the phalanges in this specimen are dissociated and are hard to 
assign to a particular digit. However, the phalanges of digit 3 are articulated and the entire digit is 
complete, with four phalanges in total (total combined length = 57.7 mm). The large phalanges in the 
specimen are very similar to those preserved in the syntype (NHMUK PV RU B17). These phalanges 
are broadly expanded proximally and distally and are constricted in their mid-sections, giving them a 
spool-like overall shape. The proximal articular surfaces are almost circular in outline in proximal 
view and are concave to allow for articulation with the expanded distal articular regions of the 
metatarsals. The anterior surface of the proximal portion forms a gentle, rounded crest, which extends 
a short way down the anterior surface. At the mid-section of the phalanges the cross-section is circular. 
Distally the phalanges are expanded anteroposteriorly and transversely, forming a sub-rectangular 
articular region. This region is divided into two small ginglymi by a shallow depression on the distal 
articular surface. The ginglymi are rounded, transversely narrow and roughly equal in size to one 
another. On the anterior surface of the distal section, ventral to the gap between the two condyles, 
there is another, distinct depression. Posteriorly, the distal ends of the phalanges are concave ventral to 
the ginglymi, which are separated by a shallow groove. On the lateral and medial surfaces of the distal 
articular surface small, circular collateral ligament pits are present. In Heterodontosaurus tucki and 
Tianyulong confuciusi the collateral ligament pits are deeper and circular in outline (Santa Luca 1980; 
Zheng et al. 2009; Sereno 2012). The collateral ligament pits of L. diagnosticus are more similar to the 
condition seen in Hypsilophodon foxii and Jeholosaurus shangyuanensis (Galton 1974; Han et al. 
2012). The second phalanges of each digit have a small triangular lappet on the proximal margin of 
their anterior surfaces that overlaps the anterior surfaces of the first phalanges. This is similar to the 
condition in many other basal ornithischians such as Heterodontosaurus tucki, Tianyulong confuciusi, 
Scelidosaurus harrisonii, Jeholosaurus shangyuanensis and Hypsilophodon foxii (Galton 1974; Santa 
Luca 1980; Zheng et al. 2009; Han et al. 2012; Sereno 2012). The first phalanges of Lesothosaurus do 
not have prominent proximally extending processes but instead the proximal margins of their anterior 
faces form gentle curves. This is more similar to the condition seen in Hypsilophodon foxii than in the 
Heterodontosaurus (Galton 1974; Santa Luca 1980; Sereno 2012). The unguals of Lesothosaurus 
diagnosticus form long and tapering claws, with grooves that run down the medial and lateral sides of 
the dorsal surface, as in most other basal ornithischians (Galton 1974; Santa Luca 1980; Zheng et al 
2009; Han et al. 2012; Sereno 2012). 
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Figure 2.17. Pedal digits and reconstruction of the pes of Lesothosaurus diagnosticus. (A), proximal pedal 
phalanges and unguals phalanges of SAM-PK-K401; (B), articulated pedal phalanges of SAM-PK-K401; (C), 
pedal phalanx of NHMUK PV RU B17; (D), articulated pedal phalanges of SAM-PK-K1106; (E), reconstruction 
of the pes of Lesothosaurus diagnosticus using known elements from a number of different specimens. 
Abbreviations: ap, ascending process on anterior side of proximal end of distal non-ungual phalanges. art.surf., 
articular surface of proximal pedal phalanx; clp, collateral ligament pits; inf, bones inferred as present; MtI, 
metatarsal I; Mt II, metatarsal II; Mt III metatarsal III; MtIV, metatarsal IV; p1, phalanx 1; p2, phalanx 2; p3, 
phalanx 3; pd, posterior depression; u, ungual phalanx. Scale bars = 20mm.     
 
In NM QR 3076, in addition to the set of preserved metatarsals and phalanges that are clearly 
associated with the rest of the specimen, another group of phalanges, including unguals, is preserved 
in a separate block. However, given the nature of the preservation of this material it seems unlikely 
that it is part of the same specimen. 
 
2.3.6 OTHER MATERIAL 
BP/1/4945 includes some fragmentary ornithischian material, including a proximal humerus with a 
pronounced deltopectoral crest, a partial femur with the remnants of a small, pendent fourth trochanter 
and a partial right ilium (Figure 2.18). The acetabulum of this ilium appears to have a ventrally 
descending medial wall, as in L. diagnosticus, as well as a pronounced supraacetabulur flange and a 
robust, elongate pubic peduncle. However, due to the fragmentary nature of this ilium it is not possible 
to say whether it is also has a ventromedially angled brevis shelf or not. The remaining material 
59 
 
provides no other characters that help to assign this specimen to a particular taxon, but given the 
combination of characters of the ilium, as well as the nature of the fourth trochanter, it seems likely to 
be a basal non-heterodontosaurid ornithischian and is here considered to be cf. Lesothosaurus. 
 
 
Figure 2.18. Other ornithischian material from the upper Elliot formation. (A), right ilium of BP/1/4731 in 
lateral view; (B), partial femur of BP/4945 in lateral view; (C), proximal tibia of BP/1/4733; (D), partial ilium of 
BP/1/4945 in lateral view; (E), proximal humerus of BP/1/4945 in ventral and posterior views. Abbreviations: 
bs, brevis shelf; cncr, cnemial crest; dpc, deltopectoral crest; H.head, humeral head; ischpd, ischiadic peduncle; 
lc, lateral condyle; mc, medial condyle; mw, medial wall; preap, preacetabular process; pupd, pubic peduncle; 
supac, supraacetabular crest; 4th, fourth trochanter. Scale bars = 20mm.       
 
BP/1/4731 is a single right ilium and exhibits a Lesothosaurus-like combination of characters 
including an acetabulum with a partial medial wall, a pronounced supraacetabular flange and a robust 
pubic peduncle. As with BP/1/4945, the lack of its posterior part makes it hard to determine if this 
specimen has a ventromedially angled brevis shelf, but otherwise the combination of iliac characters 
matches that of Lesothosaurus. This specimen is here considered cf. Lesothosaurus. 
 
 
2.4 Discussion. 
2.4.1 The Taxonomic Status of Stormbergia dangershoeki. Re-examination of the ‘fabrosaurid’ 
material from southern Africa has enabled us to provide an enhanced diagnosis for Lesothosaurus 
diagnosticus, which in turn has permitted more confident referral of other specimens to its hypodigm. 
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Together with the syntypes, these specimens illustrate variability in various postcranial features, which 
have implications for understanding the taxonomy of southern African small ornithischians. The 
validity of Stormbergia dangershoeki relies on the status of two features: the length and position of the 
ischial symphysis and the presence of a tab-like obturator process on the ventral margin of the ilium. 
These features occur in a large number of other ornithischian taxa and so do not constitute valid 
autapomorphies, but instead they create a character combination for S. dangershoeki that was 
proposed to differ from that of L. diagnosticus and other early ornithischians (Butler 2005). However, 
this generic discrimination can only be maintained if these features are clearly restricted to one set of 
specimens and not to others and if they are clearly absent or present in those specimens. 
As shown above, the morphology and presence/absence of the obturator process appears be variable 
within the assemblage of specimens referable to Lesothosaurus. Indeed, the various morphologies 
present fall along a spectrum and the distribution of these different morphologies among the available 
specimens is complex. Some specimens possess distinct tab-like processes and others possess broadly 
expanded, rounded flanges in this area. Moreover, specimens of at least two individuals display 
potential skeletal asymmetry in terms of their left and right ischial morphologies, complicating the 
discussion of this character (BP/1/4885: see above). Finally, an additional complexity is the possibility 
that a small, tab-like process was originally present on the left ischium of the syntype NHMUK PV 
RU B17, as described by Thulborn (1972) and Norman et al. (2004) (Figure 2.12), while a similar 
process is clearly absent from the right ischium. If a ventrally extending ‘tab-like’ process, even a 
relatively small one, did exist on only the left ischium of this specimen then it would cast further doubt 
on the usefulness of this particular character in this instance. The fact that only the left ischium of 
specimen BP/1/4885 appears to have such a tab-like process as well could be evidence of an 
asymmetry in the ischia of L. diagnosticus/S. dangershoeki, with one ischium bearing an obturator 
process and the other not, at least at some stage in the individual’s life (Figure 2.19). This kind of 
skeletal asymmetry was also suggested by Knoll at al. (2010) to explain the case of NHMUK PV RU 
B17 but could now be extended to more specimens, specifically specimens of immature individuals, 
when new evidence from specimens such as BP/1/4885 is taken into account. Regardless, because of 
the variability in the presence/absence of this feature, as well as its varying morphology within and 
between individuals, I propose that it is not suitable for use as a diagnostic character. 
Regarding the length of the ischial symphysis, this character is difficult to assess in the paratype of S. 
dangershoeki (NHMUK PV R11000) and it is hard to determine to what degree the ischial symphysis 
is distally restricted (see above). Further to this, the degree of ischial torsion and the extent of the 
symphysis appear to increase with increasing body size (see above). This, in combination with the 
distribution of the obturator process across specimens of differing sizes, may point to an ontogenetic 
cause for this apparent difference. It could be possible that, as the length of the ischial shaft increases 
with maturity, the shaft straightens and the overall proportion of the shaft that forms the symphysis is 
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reduced. Because of the uncertainty surrounding this character, I also consider the length of the ischial 
symphysis and the degree of ischial torsion as problematic characters for use in generic discrimination. 
 
 
 
Figure 2.19. Bone assemblages containing material of Lesothosaurus diagnosticus. (A, C), assemblage that 
forms part of specimen BP/1/4885; (B, D) assemblage that also forms part of specimen BP/1/4885. 
Abbreviations: Fm, femur; Ili, Ilium; Isch, ischium; L., left; Mt, metatarsals; obpr, obturator process; p,  phalanx; 
poap, postacetabular process; preap, preacetabluar process; Pub, pubis; R., right; u, ungual phalanx. Scale bars = 
20mm. 
 
The syntype material of L. diagnosticus, and most other specimens referred to this taxon, clearly 
represents juvenile individuals (see below) and I attribute the apparent differences between L. 
diagnosticus and S. dangershoeki to differences in maturity between specimens of the same taxon. No 
other significant differences exist in the skeletal morphologies of these taxa (Butler 2005). In addition, 
the holotype and paratype specimens of Stormbergia dangershoeki were found at the same locality as 
definite L. diagnosticus material (SAM-PK-K1106). This may suggest that the material, which ranges 
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in size considerably, represents several individuals of the same species, but of different ages, 
cohabiting the same area in life (also see Barrett et al. 2016). 
 
2.4.2 Phylogenetic Analyses. Re-description of the postcranial anatomy of Lesothosaurus 
diagnosticus, and the proposed synonymy with Stormbergia dangershoeki, permitted re-scoring of this 
pivotal early ornithischian taxon and enabled a reassessment of early ornithischian phylogeny. This 
study is built upon the datasets compiled by Butler et al. (2007, 2008a), which have been further 
extended by other authors (Butler 2010; Butler et al. 2011; Han et al. 2012; Ösi et al. 2012; Barrett et 
al. 2014). In order to test the relationship between L. diagnosticus and S. dangershoeki the taxon L. 
diagnosticus was re-scored to reflect the new information provided by the re-description given in 
section 2.3 and the material referred to S. dangershoeki by Butler (2005) was scored as a separate 
operational taxonomic unit. In this analysis characters 184 and 185 were changed from ‘0’ to ‘?’ for L. 
diagnosticus, given that the interpretation of these features is ambiguous (see above). Character 153 
was changed from ‘1’ to ‘0’ to reflect the revision of the humerus/femur ratio for L. diagnosticus. This 
analysis was carried out on 55 taxa (3 outgroup: 52 ingroup), which were scored for 227 characters. 
Secondly, an analysis was performed in which scores for L. diagnosticus and S. dangershoeki were 
combined, following the proposed synonymy of the two taxa. In this analysis all specimens referred 
herein to L. diagnosticus were taken into consideration during scoring, including all material formerly 
considered to be S. dangershoeki. Characters 184 and 185 were both scored as ‘1’, reflecting the state 
seen in the largest and most complete specimens such as SAM-PK-K1105. Other score alterations to 
the existing data set included characters 140, 141 and 142 being changed from ‘?’ to ‘0’, as new 
information on these features in L. diagnosticus has been made available by the addition of material 
formerly referred to S. dangershoeki. Character 137 was changed from ‘?’ to ‘1’ for the same reason. 
Character 153 was changed from ‘1’ to ‘0’ to reflect the revision of the humerus/femur ratio provided 
by this description. This analysis included 54 taxa, which were scored for 227 characters. In both 
analyses, five characters (112, 135, 137, 138, 174) were treated as ordered, following previous studies 
(Butler et al. 2011; Han et al. 2012; Ösi et al. 2012; Barrett et al. 2014), as these characters all capture 
morphological changes that are reasonably assumed to pass through the character states in order. That 
is, a change from state (0) to state (2) must first pass through state (1). All characters were equally 
weighted. 
All of the phylogenetic analyses were carried out in TNT 1.1 (Goloboff et al. 2008) employing the 
‘New Technology Search’ option, using sectorial search, ratchet (10 iterations), tree drift (10 cycles), 
and tree fuse (3 rounds) and 100 random addition sequences, following the protocol used by Butler et 
al. (2008). 
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When L. diagnosticus and S. dangershoeki were scored separately the analysis produced 89 most 
parsimonious trees (MPTs) with tree lengths of 584 steps (RI = 0.6502; CI = 0.3740). A strict 
consensus of these trees recovers the base of Ornithischia as a large polytomy (Figure 2.20). A 50% 
majority-rule consensus tree recovers L. diagnosticus, S. dangershoeki, Thyreophora and 
Neornithischia together in a polytomy. Interestingly, this analysis recovers Laquintasaura as the sister-
taxon to Scutellosaurus at the base of Thyreophora, which represents a novel result (Figure 2.20). 
Following from this, a strict reduced consensus tree was produced, excluding the following five 
unstable 'wildcard' taxa a posteriori: Yandusaurus, Anabisetia, Echinodon, Yueosaurus and 
Koreanosaurus (see Butler et al. 2008). This analysis produced 70 MPTs with tree lengths of 575 
steps. In this strict reduced consensus tree both L. diagnosticus and S. dangershoeki fall within a 
polytomy that also contains Laquintasaura, Scutellosaurus, Eocursor, heterodontosaurids, 
Neornithischia and Thyreophora. A 50% majority-rule tree again has places L. diagnosticus and S. 
dangershoeki in a polytomy with Neornithischia and Thyreophora. 
If L. diagnosticus and S. dangershoeki are treated as synonymous the results of the analysis provide 
better resolution at the base of the ornithischian tree. Analysis of this dataset produced 87 MPTs of 
tree length 584. A strict consensus recovered L. diagnosticus in a large polytomy at the base of the 
tree. A 50% majority rule consensus tree recovered L.diagnosticus in a polytomy with Thyreophora 
and Neornthischia. 
As in the previous analysis, five unstable 'wildcard' taxa were subsequently excluded a posteriori, as 
following the principle of safe taxonomic reduction (Wilkinson 1995): Yandusaurus, Anabisetia, 
Echinodon, Yueosaurus and Koreanosaurus. Following the removal of these taxa, a reduced strict 
consensus recovered Lesothosaurus diagnosticus in a polytomy with Neornithischia and Thyreophora 
in more derived position than Eocursor and heterdontosaurs. A 50% majority-rule tree recovered 
Lesothosaurus diagnosticus as the basal-most member of Neornithischia and, as in the strict 
consensus, Laquintasaura within Thyreophora. Neornithischia and Thyreophora were recovered as 
sister taxa, with Eocursor falling stemward of this dichotomy, and a monophyletic 
Heterodontosauridae placed more basally. Pisanosaurus was recovered as the basal-most 
ornithischian. Reduced bootstrap standard frequencies were calculated for both sets of trees of tree 
length 575 steps. Most nodes near to the base of the ornithischian tree are poorly supported, with 
bootstrap values below 50%. 
In some previous analyses Lesothosaurus diagnosticus was recovered at the base of Thyreophora 
(Butler et al. 2008). This seems to have been due in part to a lack of information on L. diagnosticus 
and other basal taxa in the tree. In these analyses, characters such as premaxillary tooth count unite L. 
diagnosticus with Scutellosaurus and Laquintasaura, with each of these taxa having six premaxillary 
teeth (Han et al. 2012; Barrett et al. 2014: Character 112:0). However, more deeply nested 
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thyreophorans, such as Emausaurus and Scelidosaurus have fewer premaxillary teeth. It is possible 
that six premaxillary teeth represents a symplesiomorphy in the former set of taxa. L. diagnosticus has 
also been united with basal thyreophorans through the presence the following features: a forked 
posterior ramus of the jugal, an anteroposteriorly extending ridge on the lateral surface of the 
surangular, and premaxillary tooth crowns that are at least moderately expanded above the root (Han 
et al. 2012: Characters 46:1, 106:1 and 113:1). However, as L. diagnosticus is most parsimoniously 
recovered as a basal member of Neornithischia in at least one of the analyses carried out in this study, 
such characters are here interpreted as possible symplesiomorphies.  
Some of the analyses that were carried out as part of this study recover L. diagnosticus in a polytomy 
with Neornithischia and Thyreophora, whereas others recover it as a basal neornithischian. The 
polytomy in the strict consensus tree is supported by multiple characters (112:[0,1], 113:1, 156:0, 
159:0, 162:0, 163:0, 185:1). The placement of Lesothosaurus diagnosticus within Neornithischia is 
supported by two characters (184:1 and 222:1). A score of 1 for characters 184 (i.e., tab shaped 
obturator process present) and 222 (i.e., systematic development of wear facets along entire tooth row 
present) are both presented here as possible synapomorphies of Neornithischia. However, it is worth 
noting that score of 1 for character 184 also appears in Laquintasaura and refers to the presence of a 
clear obturator process on the ischium (MBLUZ P.5018: Barrett et al. 2014). However, it could be 
argued that the obturator process of Laquintasaura does not share an identical morphology to that of 
Lesothosaurus and other basal neornithischians such as Hexinlusaurus multidens, Agilisaurus 
louderbacki and Hypsilophodon foxii, but rather it is anteroposteriorly long and more flange like than 
tab-like (Barrett et al. 2014). It may prove necessary in future studies to create a new character or 
character state that better captures this difference in morphology.   
The reduced strict consensus tree and the 50% majority-rule consensus tree that were produced in the 
phylogenetic analysis that treated Lesothosaurus diagnosticus and Stormbergia dangershoeki as 
synonymous and excluded Yandusaurus, Anabisetia, Echinodon, Yueosaurus and Koreanosaurus as 
‘wildcard’ taxa are shown together in Figure 2.20.  
 
2.4.3 Diagnosis of Lesothosaurus diagnosticus. 
Sereno (1991a) proposed six autapomorphies for Lesothosaurus diagnosticus, using both cranial and 
postcranial features. Butler (2005) reviewed this list, surveyed the anatomy of other early 
ornithischians, and concluded that none of these could be considered as valid autapomorphies as they 
were either more widely or ambiguously distributed within Ornithischia. I discuss these characters, 
below: 
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1. Slot in maxilla for lacrimal. 
The maxilla and lacrimal articulate via an unusual tongue-in-groove joint in Lesothosaurus, with the 
anterior process of the lacrimal fitting into a slot on the dorsal margin of the maxillary ascending 
process (Sereno, 1991a). A similar articulation has also been claimed to be present in Agilisaurus 
louderbacki (Peng 1997) and Jeholosaurus shangyuanensis (Xu et al. 2000) but the nature of this 
contact cannot be confirmed in either of the latter taxa (Butler 2005; Barrett & Han 2009).  
Damage or incompleteness prevents the assessment of this feature in many other early ornithischian 
taxa (such as Eocursor and Laquintasaura: see Butler 2010; Barrett et al. 2014) but it is clearly absent 
in Tianyulong (Zheng et al. 2009), Heterodontosaurus (SAM-PK-K1332) and Scelidosaurus 
(NHMUK PV R1111), three other taxa that have this region preserved. Butler (2005) argued that 
because this feature is also present in NM QR 3076 (a specimen that he excluded from Lesothosaurus 
on other grounds) it is more widely distributed among basal ornithischians and should not be 
considered an autapomorphy of L. diagnosticus. 
However, I posit that the shared possession of this feature in Lesothosaurus and NM QR 3076 
supports referral of the latter specimen to Lesothosaurus and that it should potentially be regarded as a 
valid autapomorphy of L. diagnosticus. Further evidence for the assignment of NM QR 3076 to L. 
diagnosticus is provided below. Dryosaurid ornithopods also possess a maxillary/lacrimal articulation 
similar to that seen in Lesothosaurus (Galton 1983; Butler et al. 2008), but as this feature is absent in 
other ornithopods (e.g., Hypsilophodon, NHMUK PV R197, R2477: Galton 1974) it seems more 
likely that this represents a convergent acquisition of this feature, rather than a shared plesiomorphy. 
2. Anterior premaxillary foramen. 
Butler (2005) proposed that the presence of this feature in NM QR 3076 prevented this feature from 
being autapomorphic for Lesothosaurus. However, I regard it as a potential autapomorphy that further 
supports the referral of NM QR 3076 to Lesothosaurus (see above and further discussion, below). 
When discussing this feature as a potential autapomorphy of L. diagnosticus, Sereno (1991a: p. 172) 
used the term 'anterior premaxillary foramen' to describe “an additional foramen... [that] pierces the 
premaxilla near the alveolar margin”. He went on to describe this feature further noting that “A groove 
passes anteroventrally from the premaxillary foramen to a second larger foramen, here termed the 
anterior premaxillary foramen” (Sereno 1991a: p. 177). However, the term anterior premaxillary 
foramen has been used in subsequent works to describe a feature seen in a number of 
heterodontosaurids such as Echinodon and Fruitadens (Butler et al. 2009, 2011; Sereno 2012). 
Whether the feature in heterodontosaurids is homologous with the premaxillary foramen or the 
anterior premaxillary foramen in Lesothosaurus diagnosticus is hard to ascertain. However, the 
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presence of two premaxillary foramen connected by an anteroventrally oriented groove appears to be 
unique to Lesothosaurus diagnosticus and is not present in any other early ornithischian. 
 
 
 
 
 
67 
 
<Figure 2.20. 50% majority rule (left) and reduced strict consensus (right) trees produced in the analysis in 
which Lesothosaurus diagnosticus and Stormbergia dangershoeki are synonymised and combined into a single 
taxonomic unit.   
A similar groove and second foramen are present on a specimen of Hypsilophodon foxii (NHMUK PV 
R2477) and this was also noted by Sereno (1991a). However, although this specimen does appear to 
have a second 'anterior' premaxillary foramen damage to this specimen makes it impossible to 
determine if this feature is both genuine and homologous to that in L. diagnosticus. 
 
3. Short forelimb. 
Sereno (1991a: p.172) defined a ‘short forelimb’ as “less than 40% of [the] hind limb length” (defined 
as the sum of propodial, epipodials and third metapodials length in the fore- and hind limbs).  Butler 
(2005) argued that this feature was also present in a number of other basal ornithischian taxa, but did 
not provide comparative values. A reassessment of this feature found that the forelimb length of 
Lesothosaurus diagnosticus is 41% of the hind limb length, based upon the syntype material. In 
comparison, forelimb/hind limb ratios in other taxa are: Abrictosaurus consors 47%, Tianyulong 
confuciusi 36%, and Heterodontosaurus tucki and Hypsilophodon foxii both 53%. Unfortunately, few 
basal ornithischian taxa preserve all of the elements required to make this calculation. Nevertheless, 
given the range of values available I follow Butler (2005) in rejecting the use of a short forelimb as an 
autapomorphy of L. diagnosticus. 
 
4. Lateral exposure of the brevis surface on the postacetabular process. 
This feature is also present several other ornithischian taxa, such as Agilisaurus louderbacki and 
Scelidosaurus harrisonii, and is most likely an ornithischian symplesiomorphy (Barrett et al. 2005; 
Butler 2005). 
 
5. Dorsal groove on the ischial shaft (Figure 2.12). 
This feature is also present in Agilisaurus louderbacki and Eocursor parvus (Peng 1990, 1992, 1997; 
Butler 2005; Butler 2010). Given its distribution among other early ornithischians it cannot be 
considered as an autapomorphy of Lesothosaurus, nor a feature that can be used to unite 
Lesothosaurus and Stormbergia to the exclusion of other taxa. 
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6. Pedal digit I reduced (Figures 2.15 and 2.16). 
Pedal digit one is reduced to varying extents in many other ornithischian taxa, including 
Hypsilophodon foxii, Agilisaurus louderbacki, Hexinlusaurus multidens, and Jeholosaurus 
shangyuanensis (Galton 1974; He & Cai 1984; Barrett et al. 2005; Han et al. 2012) and so cannot be 
regarded as an autapomorphy of L. diagnosticus (Butler 2005). 
 
As features 1 and 2 are not present in any other early ornithischians, I provisionally regard them as 
valid autapomorphies of L. diagnosticus. The presence of these features in NM QR 3076 allows us to 
refer this specimen to this taxon. This makes NM QR 3076 the largest known definitive individual of 
L. diagnosticus, larger even than the specimens referred to Stormbergia (Figure 2.21). This material 
provides us with further evidence about the postcranial anatomy of L. diagnosticus, particularly in 
larger individuals, and has wider implications for our interpretation of the ontogenetic status of the 
syntype material of this taxon as well as the taxonomic status of S. dangershoeki, which this study 
considers to be a junior subjective synonym of L. diagnosticus (see above). 
In addition to the aforementioned features, other workers have suggested potential postcranial 
autapomorphies for L. diagnosticus. Norman et al. (2004) listed the presence of a prominent obturator 
process on the ischium and the absence/strong reduction of metatarsal V as autapomorphies. An 
obturator process may or may not be present in one of the syntypes, NHMUK PV RU B17, as there is 
some debate as to whether fragments previously attached to the ventral edge of the left ischium 
represent a true feature of the bone or not, and whether the remaining ventral expansion of the ischial 
shaft is a remnant of a now broken process or not. Thulborn (1972) and Norman et al. (2004) 
described this specimen of Lesothosaurus as having a small but distinct obturator process, whereas 
Butler (2005) regarded it as absent, as did Sereno (1991a). Butler (2005) used the proposed absence of 
the obturator process in L. diagnosticus and the clear presence of this feature in S. dangershoeki to 
distinguish the two taxa. However, there is now evidence for this feature being variably expressed 
between individuals and its distribution among specimens is complex. It seems likely that the syntype 
specimen had a small 'ventral corner', as in Eocursor parvus, which developed into a larger, more 
distinct obturator process during maturity in L. diagnosticus (see below). Regardless, the presence of 
an obturator process in many other ornithischian taxa means that this cannot be regarded as a valid 
autapomorphy for L. diagnosticus. 
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The loss of metatarsal V occurs in all specimens of L. diagnosticus that preserve articulated 
metatarsals, as well as SAM-PK-K1105 (‘S. dangershoeki’). Although Santa Luca (1984) reported the 
presence of an articular surface for metatarsal V in SAM-PK-K401, this study has not found any 
evidence of such feature, in either SAM-PK-K401 or any other specimen that preserves an articulated 
pes. Reduction of metatarsal V does occur in other ornithischians, such as Heterodontosaurus tucki, 
Scelidosaurus harrisonii, Agilisaurus louderbacki and Jeholosaurus shangyuanensis, but complete 
loss of metatarsal V does not appear to occur in any other basal ornithischian (Santa Luca 1980; He & 
Cai 1984; Peng 1990, 1992, 1997; Han et al. 2012). The holotype of Tianyulong confuciusi, STMN 
26-3, does not preserve a metatarsal V, but Sereno (2012) attributes this absence to post-mortem loss. 
Although Sereno (2012) does not report it, a highly reduced, splint-like metatarsal V is present in 
Abrictosaurus consors (NHMUK PV RU B54). Metatarsal V is lost in more derived taxa such as 
Hypsilophodon foxii (Galton 1974), Gasparinisaura cincosaltensis (Coria & Salgado 1996) and many 
other members of Iguanodontia (Norman & Weishampel 2004), but I consider this a homoplastic loss, 
given the plesiomorphic retention of metatarsal V in other more basal ornithischians. Thus, given that 
S. dangershoeki and L. diagnosticus are considered synonymous herein, the loss of metatarsal V 
becomes a valid autapomorphy of L. diagnosticus. The only specimens that Butler (2005) referred to 
Stormbergia that includes any of the tarsus is the holotype SAM-PK-K1105. In this specimen, 
metatarsals I–IV are preserved together, along with an astragalus and calcaneum and a distal fibula, 
Figure 2.21. Large specimen of 
Lesothosaurus diagnosticus (NM QR 
3076). (A), photograph; (B), line 
drawing. Abbreviations: Crn.mat., 
cranial material; Fm, femur; Ili, ilium; 
Isch, ischium; L., left; Mt, metatarsals; 
ped.dig., pedal digit found alongside NM 
QR 3076 that does not appear to be from 
the same individual as the rest of the 
material (see text); Pub, pubis; Sc, 
scapula; Tib, tibia. Scale bar = 100mm.     
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but metatarsal V is absent. Close inspection of this cluster of bones found no traces of the fifth 
metatarsal and so its absence is provisionally considered a genuine feature and not as a result of 
taphonomic loss. As metatarsal V is extremely reduced in several heterodontosaurids, Agilisaurus 
louderbacki and Jeholosaurus shangyuanesis, it seems likely that this reduction was widespread in 
early ornithischians, with L. diagnosticus having the unique and extreme condition of complete 
absence, at least among those taxa close to the base of the tree. 
A further potential autapomorphy of L. diagnosticus was proposed by Butler (2010), who noted the 
presence of a shallow rostrocaudally extending groove on the dorsal margin of the surangular. This 
feature is present in NHMUK PV RU B17 (Porro et al. 2015: fig. 2F; Barrett et al. 2016) and NHMUK 
PV RU B23 and MNHN LES18. This feature is not present in Eocursor parvus, Heterodontosaurus 
tucki or Manidens condorensis (Butler 2010; Pol et al. 2011a; Sereno 2012). The absence of this 
feature in other basal ornithischian taxa and its presence in L. diagnosticus suggests that it is a valid 
autapomorphy of L. diagnosticus (Butler 2010). 
 
2.4.4. Ontogeny. All of the specimens mentioned in this study are from the upper Elliot Formation, 
have the same general morphology for the majority of their preserved skeletal elements and share the 
same unique combination of characters. Some of the largest specimens (e.g., NM QR 3076: femur 
length = 234.5 mm) are almost 230% larger than the smallest specimens (e.g., NHMUK PV RU B17: 
femur length = 103.5 mm). Many other specimens fill the size range between these extremes. Minor 
differences in morphology can be observed in a number of these specimens, in a number of different 
skeletal elements, and seem to correlate with the size of the individual (see above). For example, the 
relative expansion of the distal end of the humerus is greater in the larger individuals and the level of 
medial bowing in the femur is smaller. It seems plausible that these differences are most likely the 
products of differing maturity within the available sample, rather than reflecting specific or generic 
separation. 
Knoll (2002) and Knoll et al. (2010) suggested that the synytpe material of L. diagnosticus represents 
juvenile or immature individuals, based on histological analyses of referred specimens from the upper 
Elliot Formation. The individuals included within these studies showed growth patterns indicative of 
juvenile status, such as the absence of external fundamental systems and evidence of sustained high 
growth rates. On this basis, Knoll et al. (2010) suggested that Stormbergia should be regarded as an 
adult morph of Lesothosaurus and that the former taxon was a junior subjective synonym of the latter. 
However, the material used in this study did not include any material that could be definitively 
referred to either Lesothosaurus or Stormbergia, but was sourced from fragmentary specimens lacking 
the proposed diagnostic features of either taxon. Consequently, the results of these analyses cannot be 
considered conclusive. Subsequent phylogenetic studies overlooked the synonymy suggested by Knoll 
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et al. (2010) and continued to include Stormbergia as a valid taxon (Butler 2010; Han et al 2012; Ösi 
et al. 2012 Barrett et al. 2014). Nevertheless, Knoll et al. (2010) did provide evidence that at least 
some ornithischian specimens, of comparable size to those securely referred to Lesothosaurus, were 
definitely immature. 
Butler (2005: p.185) also discussed the possibility that the syntype material of Lesothosaurus 
represents juvenile individuals, citing the lack of neurocentral fusion in the vertebral column and lack 
of sacral fusion as evidence. This lack of fusion was also reported in a specimen referred to 
Stormbergia dangershoeki (Butler 2005: p.185). However, this specimen (BP/1/4885) is the smallest 
specimen that Butler (2005) considered referable to S. dangershoeki. Here, BP/1/4885 is considered to 
be a medium-sized L. diagnosticus, one that exhibits a transitional form between the L. diagnosticus 
and S. dangershoeki morphotypes in terms of both size and ischial morphology (see above). If this 
specimen is a mid-sized, immature individual of L. diagnosticus then the lack of neurocentral fusion 
would be expected and could not be used as evidence for the separation of S. dangershoeki and L. 
diagnosticus. Further to this, the short snout length, relatively large orbits, arched skull roof and the 
unfused neurocranial sutures of the syntype skull material (NHMUK PV RU B17 and NHMUK RU 
B23) also indicate that these individuals are juveniles (Galton 1974; Carpenter 1994; Barrett et al. 
2016). 
The assignment of NM QR 3076 to L. diagnosticus, based on the presence of three autapomorphies, 
shows that the maximum body size of the species is much greater than that achieved by the syntypes, 
again implying that the latter are juvenile individuals. Further to this NM QR 3076 lies well within the 
size range of those specimens referred to S. dangershoeki by Butler (2005) and, given that they all 
share a very similar combination of characters (identical if I disregard the ambiguous ischial characters 
discussed above), as well as a single L. diagnosticus autapomorphy (absence of metatarsal V), this 
study considers the specimens of Stormbergia dangershoeki to represent older individuals of L. 
diagnosticus, whose distinguishing features are a result of ontogeny and not taxonomic difference. 
The greatest discrepancy between the various specimens referred to Lesothosaurus is concerned with 
the presence/absence and form of the obturator process of the ischium. Given the proposed synonymy 
of Lesothosaurus diagnosticus and Stormbergia dangershoeki, I propose that the differences observed 
in the ischia could be a result of ontogeny and that, in L. diagnosticus, ischial ontogeny follows the 
following sequence: 
1) Juveniles: Short, partially twisted ischia with a symphysis that contributes a relatively large 
proportion of the total ischial shaft length, with an extended ventral edge (exemplified by NHMUK 
PV RU B17 right ischium); 
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Table 2.2. Measurements of the forelimb elements of Lesothosaurus diagnosticus in mm. Abbreviations: dis., 
distal; l., length; L, left; Mx, maximum; prox., proximal; R, right; w., width.  
 
 
 
 
 
2) Sub-adult: Longer, straighter ischia with the symphysis forming a smaller proportion of the total 
length following elongation of the shaft proximal to the ischial symphysis, and the presence of a 
continuous flange-like obturator process (as in BP/1/4885 left ischium; NHMUK PV RU B17, left 
ischium?); 
3) Adult: Long, straighter shaft with only a distal symphysis and a more tab-like obturator process 
(NHMUK PV R11000, SAM-PK-K1105). 
 
In addition to changes in ischial morphology several other features appear to covary with individual 
size. The femur of NHMUK PV RU B17 has a greater degree of medial bowing than larger specimens 
of L. diagnosticus (SAM-PK-K401, SAM-PK-K1107). This bowing is present to a lesser extent in 
other smaller, specimens and is completely absent in the largest specimens (including Stormbergia 
dangershoeki). 
Further to this, and occurring in parallel, the angle of offset of the femoral head to the femoral shaft 
increases with increased femoral length. This is also the case in other ornithischian taxa with partial 
ontogenetic sequences, such as Hypsilophodon foxii (Galton 1974). This change in the medial bowing 
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of the femur could be related to the increased mechanical loading associated with increased body size: 
the effect of increased loading has been suggested as the cause of ontogenetic changes among the 
femora of Dryosaurus lettowvorbecki (Heinrich et al. 1992). Another explanation for this change is 
that it could be related to a potential shift from quadrupedality in juveniles to bipedality in adults. This 
idea of a changing stance through ontogeny has been suggested for the ornithischian taxon Dryosaurus 
lettowvorbecki, and also for other basal dinosaurs such as Massospondylus carinatus (Heinrich et al. 
1992; Reisz et al. 2005, 2010). However, there is currently no evidence for obligate quadrupedality in 
juvenile individuals of Lesothosaurus diagnosticus, or any other basal ornithischian. More work is 
needed to elucidate the biomechanical underpinning of this ontogenetic change. 
The morphology of the proximal humerus also appears to change ontogentically (compare Figure 2.6 
and Figure 2.22). NHMUK PV RU B17 has a humerus in which the proximal expansion is 
approximately the same width as the distal expansion and that is symmetrical with respect to the long 
axis of the bone. By contrast, larger specimens, such as SAM-PK-K1106 and SAM-PK-K1107, have a 
proximal expansion that is wider than the distal expansion and that is asymmetrical across the long 
axis of the bone. The asymmetry in the larger specimens results from a greater degree of medial 
expansion than lateral expansion (Figure 2.22). The best example of the condition in larger individuals 
is seen in SAM-PK-K1107. Butler (2005: p.199) listed SAM-PK-K1107 as 'cf. S. dangershoeki' and 
argued that this difference in humeral morphology was sufficient to distinguish it from Lesothosaurus 
diagnosticus. However, given its larger size, and the range of morphology present among upper Elliot 
Formation ornithischians, it seems more likely that this humeral morphology represents one end of a 
continuum, which appears to be directly related to the size of the individual. Changes in the relative 
size of the proximal expansion of the humerus that covary with body size, and particularly the change 
in long-axis symmetry, are also seen in other basal taxa that have well documented ontogenetic 
sequences. Another relatively small ornithischian, Hypsilophodon foxii, shows proximal humerus 
asymmetry with increasing size (e.g., NHMUK PV R5829 vs NHMUK PV R5830: Galton 1974). 
 
The scapulae of L. diagnosticus show some 
variation in distal morphology. As with the 
humerus, there is a clear symmetry across the 
Figure 2.22. Humerus and scapula of SAM-
PK-K1107. (A), photograph; (B), line 
drawing. Abbreviations: dpc, deltopectoral 
crest; Hm, humerus; mt, medial tubercle; Sc, 
scapula; tub., tuber. Scale bar = 20mm.   
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long axis of the scapulae of smaller individuals but asymmetry in the larger individuals (see above). 
Given the covariation with body size, this plausibly represents ontogenetic rather than taxonomic 
variation. 
 
Table 2.3. Measurements of the hindlimb elements of Lesothosaurus diagnosticus in mm. Abbreviations: dis., 
distal; l., length; L, left; Mx, maximum; prox., proximal; R, right; w., width. 
 
 
2.4.5 Other Individual Variation and Skeletal Asymmetry. The morphology of the obturator 
foramen also varies among specimens of Lesothosaurus diagnosticus, with some exhibiting a fully 
enclosed foramen while in others it is partially open forming a variably open obturator notch. 
However, unlike the other variations observed, this does not appear to be related to individual size. 
NHMUK PV RU B17, one of the smallest specimens, preserves a proximal pubis with an open 
obturator notch. SAM-PK-K401, on the other hand, appears to have a fully enclosed obturator 
foramen although it is only slightly larger in size than NHMUK PV RU B17. Larger specimens also 
vary in the nature of the obturator notch (SAM-PK-K1106, closed; BP/1/4885, open). In specimens 
with an open obturator notch the posterior section of the proximal pubis, which forms a 
posteroventrally projecting process, is not broken distally, as would be expected if the open notch was 
the result of damage. SAM-PK-K1106 provides a possible explanation for this type of variation. In 
this specimen the obturator foramen is closed and a possible junction between the posteroventrally 
projecting posterior section and a separate, posterior projection from the rod-like pubic shaft can be 
seen on the posterior margin of the rim enclosing the obturator foramen. If genuine, and not the result 
of damage, the presence of this junction may explain why there is inconsistency in the opening/closure 
of the obturator notch in other Lesothosaurus specimens. The two processes that merge to form the 
rim of the foramen may ossify at different ontogenetic stages or at different rates. If the distally 
projecting posterior section of the proximal pubis ossified first and the posterior process on the shaft 
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ossified later it could be the case that those specimens that do not have a fully closed obturator 
foramen simply died before the two processes could meet to form this combined structure. It would 
also explain why the distally projecting posterior section of the proximal pubis appears unbroken in 
those specimens. 
 
Figure 2.23. Scaled silhouettes of the various ischia of Lesothosaurus diagnosticus and ‘Stormbergia’ showing 
the range in size and the apparent correlation between size and the presence/absence/development of the 
obturator process. black – SAM-PK-K1105; dark grey – BP/1/4885 (larger individual); medium grey – 
BP/1/4885 (smaller individual); light grey – NHMUK PV RU B17 (syntype). 
 
Whatever the underlying cause, the variation in the morphology of the proximal pubis is considered to 
be intraspecific variation. A similar case of intraspecific variation in the proximal pubis of 
Hypsilophodon foxii was reported by Galton (1974), a taxon in which some specimens possess a 
closed obturator foramen (NHMUK PV R193 and NHMUK PV R196) and others an open obturator 
notch (NHMUK PV R195, NHM UK PV R5829). 
Specimens like BP/1/4885 suggest that possible asymmetry occurs between the left and right ischia of 
some smaller specimens. Skeletal asymmetry is rare but has been documented in dinosaurs, including 
the theropod Mirischia asymmetrica (Martill et al. 2000). Asymmetry of the skeleton could be 
sexually dimorphic, or may simply reflect a common tetratological lack of ossification either on one or 
both sides of the pelvis. It is also plausible that the process is prefigured as cartilage in juveniles, 
remaining so until later stages of maturity, and that the distribution that I see in the fossil record is as a 
result of this developmental process. These differences in the ischia and pubes suggest that the whole 
pelvic region might have undergone substantial modification during growth. These changes may have 
occurred to enable oviposition in female adults, although this is only speculative. 
>Table 2.4. Measurements of the various metatarsals of Lesothosaurus diagnosticus in mm. Abbreviations: dis., 
distal; l., length; L, left; M, metatarsal; Mx, maximum; prox., proximal; R, right; w., width. 
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2.4.6 Similarities Between Lesothosaurus diagnosticus and Theropod Dinosaurs. Given the current 
consensus that ornithischian dinosaurs form a clade from that containing theropods and 
sauropodomorphs (Saurischia), it has often been assumed that some of the anatomical features present 
in early ornithischian taxa that are also present in non-ornithischian dinosaur taxa, particularly 
theropods, represent either convergences (homoplasies) or primitive dinosaur characters 
(symplesiomorphies) that were variously retained within descendant clades. Historically, most studies 
have regarded ornithischians as completely separate from theropods and sauropodomorphs and 
focused heavily upon the unique suite of anatomical features composing the ornithischian bauplan in 
discussions of dinosaur interrelationships (Langer & Benton 2006; Ezcurra 2010; Nesbitt 2011). More 
recently, reassessments of several early ornithischian taxa, new analyses of ornithischian phylogeny, 
and new discoveries, have highlighted striking similarities between some early ornithischians and 
theropods (Butler et al. 2007, 2008; Norman et al. 2011; Galton 2014). Indeed, Butler et al. (2008) 
noted a number of similarities between early carnivorous dinosaurs (represented in their study by the 
Late Triassic taxon Herrerasaurus ischigualastensis) and members of the early ornithischian clade 
Heterodontosauridae and used these features to argue for a ‘basal’ divergence of heterodontosaurids 
from other members of Ornithischia. In this study, features related to the large grasping hands seen in 
both Herrerasaurus ischigualastensis and Heterodontosaurus tucki were used to argue for there being 
more similarities between early ornithischians and theropods (with Herrerasaurus ischigualastensis 
being considered a theropod in this case) than had been realised previously (Butler et al. 2008). The 
discovery of Eocursor parvus, a ?Late Triassic ornithischian from the ?lower Elliot Formation of 
South Africa, further highlighted features that are shared between early ornithischians and early 
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theropods. While not the focus of his study, Nesbitt (2011) also noted numerous similarities between 
theropods and ornithischians to the exclusion of sauropodomorphs. For example the presence of a 
blunt posterior prong on distal tarsal IV that, according to Nesbitt (2011), only appears in 
ornithischians and theropods. Galton (2014), in his comprehensive re-description of the postcranial 
anatomy of Heterodontosaurus tucki, also discussed features shared between this early ornithischian 
and certain theropods, including the fibular crest on the proximal portion of the tibia and the fusion of 
the tibia, fibula and proximal tarsals into a tibiofibulatarsus. This complimented the work of Norman 
et al. (2011) who, in their re-description of the cranial anatomy of Heterodontosaurus tucki, also 
highlighted similarities between this taxon and theropods. Norman et al. (2011) pointed to features 
such as the presence of a promaxillary foramen in the antorbital fossa of the skull and the presence of 
a deep basipterygoid recesses in the braincase as potentially homologous between ornithischian and 
theropod taxa.  
This study has identified a number of similarities between Lesothosaurus diagnosticus and various 
theropod taxa. The presence of a dorsosacral vertebra in Lesothosaurus diagnosticus (a feature also 
present in Heterodontosaurus tucki) is shared with several theropods (e.g., Coelophysis bauri and 
Allosaurus fragilis), as is the fusion of the sacral neural spines into a consolidated sheet of bone (as 
present in more derived theropod taxa, such as Megalosaurus bucklandii). The fact that certain 
ornithischians and theropods possess a dorsosacral while sauropodomorphs do not was discussed by 
Nesbitt (2011), but the possible phylogenetic implications of this observation were not realised. In 
terms of appendicular anatomy, it is not just the large, grasping manus of early ornithischians that are 
similar to those of early theropods, as discussed by Butler et al. (2007, 2008), but also other elements 
in the forelimb, such as the expanded olecranon process of the ulna, as well as certain aspects of the 
hind limb, including of the tarsus and pes of these taxa. For example, the ratio of femur to tibia length 
is similar in theropods and early ornithischians, both of which have tibiae that are longer than their 
femora. This condition is absent in Sauropodomorpha. A broadened anterior trochanter of the femur 
that is at least partially separated from the femoral shaft is present in ornithischians like Lesothosaurus 
diagnosticus and Heterodontosaurus tucki and in theropods such as Dracoraptor hanigani and 
Dilophosaurus wetherilli. However, this feature is absent in sauropodomorphs like Massospondylus 
carinatus; in sauropodomorphs the anterior trochanter is fully connected to the femoral shaft and takes 
the form of a ridge rather than a wing. Furthermore, fusion of the proximal tarsals to the tibia and 
fibula appears in some early ornithischians, as was noted by Galton (2014), as well as in a number of 
theropods, as does the fusion of the distal tarsals to the proximal ends of the metatarsals. The latter is 
seen in Lesothosaurus diagnosticus (see section 2.3.5) as well as in theropods like ‘Syntarsus’ 
kayentakatae. Also in the theropod taxon ‘Syntarsus’ the metatarsals are fused to one another along 
their length, as also occurs in the early ornithischian Heterodontosaurus tucki (see Galton 2014).  
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Gastralia, or belly-ribs, are a feature long considered to be completely absent from ornithischian 
dinosaurs, and this has been used as one of the characters to argue the case that ornithischians 
represent a lineage separate from the other two major dinosaurian clades. However, this study has 
identified gastralia in the ornithischian dinosaur Heterodontosaurus tucki (Albany Museum specimen, 
currently unnumbered and unpublished) challenging the idea that ornithischian anatomy is completely 
distinct from that of the other dinosaur groups (Figure 2.24). While gastralia are currently unknown 
for Lesothosaurus diagnosticus, their presence in Heterodontosaurus suggests that it is possible that 
they were originally present in the former taxon, but have not been preserved in any of the currently 
available individuals. Further discoveries may shed some light on the true distribution of gastralia 
within Dinosauria, as well the unusual distribution of character states among early ornithischians, 
theropods and sauropodomorphs. However, without a comprehensive dataset that encompasses all of 
the earliest members of each of these groups, as well as a broader sample of stem-lineage 
dinosauromorphs, the true phylogenetic impact of these characters and their distributions within 
Dinosauria cannot be tested. This study has highlighted the need for the compilation of such a dataset, 
in order to test whether the observed similarities and differences between members of these principle 
dinosaurian clades are symplesiomorphies, convergences or whether they hold other as yet 
undocumented phylogenetic signals (see later chapters).   
 
2.5 Conclusions. Given the presence of shared autapomorphies and the lack of clear, unambiguous 
distinguishing features, I regard Stormbergia dangershoeki as a large individual of Lesothosaurus 
diagnosticus, rather than a distinct taxon. Other upper Elliot ornithischian specimens previously 
referred to Stormbergia or described as taxonomically indeterminate, such as NM QR 3076, can also 
be referred to Lesothosaurus on the basis of both cranial and postcranial characters. The large size of 
NM QR 3076, and of several other specimens relative to the syntype individuals, confirms the juvenile 
status of the latter. I conclude that ischial morphology, particularly with regard to the presence/absence 
and morphology of the obturator process and the length of the ischial symphysis, is not suitable for use 
as a diagnostic feature. The differing morphologies of the obturator process in L. diagnosticus have a 
more complex distribution among the specimens than previously thought and are probably part of a 
continuum, rather than a binary, absent-present state. Several individuals of L. diagnosticus appear to 
be polymorphic with respect to some characters and it is possible that rare examples of skeletal 
asymmetry are responsible for the perceived differences between Lesothosaurus and ‘Stormbergia’. It 
seems most likely that differences in ischial morphology result from ontogenetic changes and are not 
taxonomically useful. I also identify several other differences between large and small individuals of 
L. diagnosticus that plausibly represent ontogenetic changes. These include changes in the axial 
column, appendages and pectoral girdle. The phylogenetic analyses, incorporating new postcranial 
data for L. diagnosticus (and the material formerly referred to S. dangershoeki), recover L. 
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diagnosticus as the basal-most member of Neornithischia (Figure 2.20). However, this position is not 
strongly supported and further analyses are needed to better resolve the relationships at the base of the 
ornithischian tree. 
 
 
 
Some of the most interesting implications of this investigation into the anatomy of Lesothosaurus 
diagnosticus, and the comparisons with other early ornithischians, are the striking similarities between 
the anatomy exhibited by ‘basal’ ornithischians such as Lesothosaurus diagnosticus and ‘basal’ 
theropod dinosaurs. This study highlights a number of anatomical characteristics in the postcranial 
anatomy of Lesothosaurus that, in the absence of a comprehensive phylogenetic framework of early 
dinosaurs containing a broad range of ornithischians, have previously been dismissed as ‘unusual 
convergences’ with the same characters also present in some members of Theropoda, such as fused 
sacral neural spines and a wing-like femoral anterior trochanter. While several previous studies have 
discussed the similarities between some ornithischian and theropod taxa (Butler et al. 2007, 2008; 
Nesbitt 2011; Galton 2014) there is currently no dataset in which the nature of such similarities can be 
evaluated objectively (i.e., a dataset that contains a broad range of taxa from each of the major 
dinosaurian clades, in which no a priori assumptions have been made concerning the homology of 
particular anatomical features).  
 
Figure 2.24. Gastralia in an unnumbered 
specimen of Heterodontosaurid tucki. 
The red arrow highlights the features 
here identified as gastralia, a feature 
previously thought to be entirely absent 
from the ornithischian lineage.   
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Abstract 
For nearly 130 years dinosaurs have been divided into two distinct clades – Ornithischia and 
Saurischia. Here, I present a radical new hypothesis for the phylogenetic relationships of the major 
dinosaurian groups, one that challenges the current consensus concerning early dinosaur evolution and 
highlights problematic aspects of current cladistic definitions. This study recovers, for the first time, a 
sister-group relationship between Ornithischia and Theropoda (Ornithoscelida), with 
Sauropodomorpha + Herrerasauridae forming its monophyletic outgroup. This new tree topology 
requires redefinition and re-diagnosis of Dinosauria and the subsidiary dinosaurian clades. In addition, 
it forces re-evaluations of early dinosaur cladogenesis and character evolution, suggests the 
independent acquisition of hypercarnivory in herrerasaurids and theropods, and offers an explanation 
for many of the anatomical features previously regarded as striking convergences between theropods 
and early ornithischians. 
 
3.1 Introduction. During the Middle–Late Triassic, the ornithodiran archosaur lineage split into a 
number of ecologically and phylogenetically distinct groups, including pterosaurs, silesaurids and 
dinosaurs, each characterised by numerous derived features (Nesbitt et al. 2010; Nesbitt 2011). By the 
Carnian stage of the Late Triassic (~230 Ma), dinosaurs had diversified into three major lineages, 
Ornithischia, Sauropodomorpha and Theropoda, and, by the Norian (~208 Ma), some dinosaur groups 
had become species-rich and numerically abundant (e.g., Ezcurra 2010). Since 1887, theropods and 
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sauropodomorphs, which retain a classically ‘reptile-like’ pelvic anatomy, have been regarded as 
forming a natural group (Saurischia), distinct from the Ornithischia, which was characterised by ‘bird-
hipped’ pelvic anatomy (Seeley 1887). For nearly a century, ornithischians and saurischians were 
regarded as unrelated, each descended from a different set of ‘thecodont’ (= primitive archosaur) 
ancestors (Romer 1956; Charig 1965). A formal hypothesis proposing dinosaur monophyly was 
proposed by Bakker and Galton (1974) and consolidated by work in the 1980s (e.g., Gauthier 1986; 
Novas 1996). As a direct result of these and other analyses, Ornithischia and Saurischia came to be 
regarded as monophyletic sister-taxa: this hypothesis of relationships has been universally accepted 
ever since (e.g., Sereno 1999; Langer & Benton 2006; Nesbitt et al. 2009a, b, 2010; Ezcurra 2010; 
Nesbitt 2011).  
Recent phylogenetic analyses of early dinosaurs have also supported the traditional scheme 
(Saurischia and Ornithischia), but those studies concentrating on the earliest divergences within the 
clade have been limited to include only a handful of the relevant taxa and incorporate numerous a 
priori assumptions regarding the relationships within and between the higher taxonomic groups 
included (e.g., Langer & Benton 2006; Ezcurra 2010; Martinez et al. 2011). Most recent studies on 
basal dinosaur relationships have tended to focus on a handful of taxa contained within one or two 
dinosaur clades (usually Saurischia), with Ornithischia represented only as either a single 
supraspecific taxon or by a small number of basal forms, such as Heterodontosaurus and 
Pisanosaurus (e.g., Langer & Benton 2006; Ezcurra 2010; Nesbitt 2011). No studies on early dinosaur 
relationships include an adequate sample of early ornithischians and the majority also exclude pivotal 
taxa from other major dinosaur and dinosauromorph lineages. Furthermore, and possibly in part due to 
the unique anatomy of ornithischians, many studies on early dinosaur evolution tend to score 
ornithischian taxa only for characters that are thought to be either dinosaur symplesiomorphies or 
characters that are related to discussions of ornithischian monophyly (e.g., Langer & Benton 2006; 
Nesbitt 2011). As a result, these studies incorporate numerous, frequently untested, prior assumptions 
regarding dinosaur (and particularly ornithischian) character evolution and have overlooked the 
possibility that some of the characters exhibited by ornithischian taxa are homologues of those in 
saurischian dinosaurs, even though various authors have commented on the anatomical similarities 
shared by ornithischians and theropods (Butler et al. 2007, 2008; Butler 2010; Nesbitt 2011; Norman 
et al. 2011; Galton 2014). In order to examine the possible effects of these biases on our understanding 
of dinosaur evolution, I undertook a novel phylogenetic analysis of basal Dinosauria and 
Dinosauromorpha, compiling the largest and most comprehensive dataset set of these taxa ever 
assembled. Although this study has drawn upon numerous previous studies, no prior assumptions were 
made about correlated patterns of character evolution or dinosaur interrelationships. The results of this 
study challenge more than a century of dogma and recover a novel and unexpected tree topology that 
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necessitates fundamental reassessment of current hypotheses concerning early dinosaur evolution, 
palaeoecology and palaeobiology.    
I examined a wide range of dinosaurs and dinosauromorphs, including representatives of all known 
dinosauromorph clades. The dataset includes taxa that provide wide spatiotemporal sampling 
(worldwide from the Middle Triassic–Cretaceous, with emphasis on Middle Triassic–Early Jurassic 
taxa), with varied body sizes, morphologies and levels of skeletal completeness. I attempted, as 
objectively as possible, to score all taxa for all characters (where applicable), a level of inclusivity 
unmatched by previous studies. For example, I am the first to score basal ornithischian taxa, such as 
Lesothosaurus diagnosticus and heterodontosaurids, for characters drawn from studies focused on 
early theropod or saurischian relationships. In this way, I tested rigorously for anatomical similarities 
and differences between all of the included basal dinosaur taxa for the first time. However, as in any 
study, some characters were inapplicable for some taxa and in these cases I scored each taxon as (-) 
for those characters. Taxa were scored from a combination of personal observations, information from 
the literature and a small number of unpublished photographs.   
 
3.2 Methods. Trees were produced and analysed in TNT 1.5-beta (Goloboff et al. 2008) after being 
compiled in Mesquite (Maddison & Maddison 2017). In total 74 taxa were scored for 457 characters.  
Memory was set at 1000Mbytes and the maximum number of tress in the storage was set at the 
1,800,000. Using the New Technology Search function, with sectorial searched switched on, with 
ratchet and drift set to their default settings -10 iterations and 10 cycles respectively – (petrubation 
phases stopped at 20 substitutions or with 99% swapping completed), with 3 rounds of tree fusing, and 
with 100 random additional sequences. Euparkeria capensis was selected as the outgroup taxon. 
Characters were drawn and modified from a number of previous studies and supplemented with an 
additional 63 novel characters. The main sources of characters were Gauthier (1986), Sereno (1991), 
Langer and Benton (2006), Yates (2007), Butler et al. (2008), Ezcurra (2010), Nesbitt (2011) and Pol 
et al. (2011). Bremer support values were calculated and constraint trees were produced using TNT 
1.5-beta (Goloboff et al. 2008). Character used this analysis are shown in Appendix 2, section 2.1. 
Character scores are shown in Appendix 3, section 3.1. 
Templeton tests were conducted for statistical comparison between alternative tree topologies using 
the script “templetontest.run” in TNT. This was done to compare the obtained strict consensus tree to a 
constrained tree that replicated the historic consensus i.e., one containing the Ornithischia-Saurischia 
dichotomy. Comparisons were also made between the two strict consensus trees produced when using 
different outgroup taxa. The null hypothesis of this test is the absence of a significant difference 
between the two topologies in question (Templeton 1983). 
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3.2.1 Ingroup and Outgroup Taxon Choices. The taxa included in this study were chosen to provide 
an inclusive sample that represents the full spatial and temporal range of dinosauriforms during the 
first half of the Mesozoic Era. Well known and ‘exemplar’ members from each dinosaur clade were 
included (e.g., Coelophysis bauri, Plateosaurus engelhardti and Heterodontosaurus tucki), as well as a 
number of more poorly known and often overlooked taxa that were found to contribute important 
anatomical information (e.g., Panguraptor lufengensis, Pantydraco caducus and Fruitadens 
haagarorum). All taxa that have been consistently recovered as ‘basal’ members of the major 
dinosaurian lineages were also included (e.g., Eodromaeus murphi, Pisanosaurus mertii and 
Saturnalia tupiniquim), as well as taxa whose phylogenetic position within Dinosauria have been 
difficult to determine (e.g., Eoraptor lunensis and Herrerasaurus ischigualastensis). Many taxa that 
appear regularly in phylogenetic analyses of the various groups within Dinosauria were also included 
(e.g., Zupaysaurus rougieri, Massospondylus carinatus and Scelidosaurus harrisonii). A handful of 
more recently discovered dinosaurian taxa were included to incorporate the large amount of new 
anatomical information that has been published in recent years (e.g., Dracoraptor hanigani, 
Pampadromaeus barberenai and Laquintasaura venezuelae). For the first time, a large sample of 
ornithischians was included in this early dinosaur dataset. The relatively small number of Triassic and 
Early Jurassic ornithischians (when compared with the number of sauropodomorphs and theropods 
from the same time period) required us to include several stratigraphically younger, relatively 
complete ornithischian taxa in order to fully capture major aspects of ornithischian diversity (e.g., 
Agilisaurus louderbacki and Jeholosaurus shangyuanensis). A handful of derived sauropodomorphs, 
currently believed to be close the origins of Sauropoda (e.g., Aardonyx celestae and Pulanesaura 
eocollum), were included as these taxa are known from Late Triassic and Early Jurassic formations 
and provide important information about the anatomy of sauropodomorphs. As the dinosaurs’ closest 
relatives (Langer et al. 2010; Nesbitt et al. 2010; Nesbitt 2011), silesaurids also provide critical 
anatomical information and this study includes all currently known members of Silesauridae. Other 
dinosauromorphs, such as Lagerpeton chanarensis and Marasuchus lillioensis, were also included in 
order to maximise the amount of anatomical information on non-dinosaurian dinosauromorphs. In 
addition to the aforementioned taxa, a small number of more enigmatic taxa were included in order to 
test whether or not the phylogenetic position of these taxa could be more robustly resolved by this 
dataset. Taxa like Saltopus elginensis, Agnosphitys cromhallensis and Nyasasaurus parringtoni have 
all been linked previously with the base of the dinosaurian tree and, as early ‘dinosaur-like’ taxa, they 
each offer potentially interesting additional anatomical information to that provided by the more 
frequently studied taxa.  
For the main analyses presented in this work, the non-archosaurian archosauromorph Euparkeria 
capensis was chosen the outgroup taxon. This taxon is fairly complete skeletally and therefore can be 
scored for nearly all of the anatomical characters used in this study. This provides a large amount of 
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information on the states of anatomical characters in non-dinosauromorph archosaurs and helps clarify 
the distributions of these characters among the sampled taxa.  
In order to better test the hypothesis forwarded by this study, and to investigate any potential effects 
that outgroup choice might have upon the results, additional analyses were run using alternative 
outgroup taxa; the early pterosaur Dimorphodon macronyx was scored for the 457 characters used in 
this study and included as an alternative outgroup taxon in an additional analysis (as a well-known and 
well represented group of non-dinosaurian ornithodirans, Pterosauria has the potential to provide 
evidence on characters states outside of Dinosauria).  
 
3.2.2 Justifications for Designating Characters as Ordered. Characters 24, 39, 60, 68, 71, 145, 167, 
169, 174, 180, 197, 199, 206, 214, 215, 222, 251, 269, 272, 286, 289, 303, 305, 307, 313, 322, 334, 
338, 353, 360, 378, 387, 393, 442 and 446 were treated as ordered. The rationale for each character 
that is treated as ordered is as follows: 
 
24. Level of the posterior margin of the external naris: 0, anterior to or level with the premaxilla-
maxilla suture; 1, posterior to the first maxillary alveolus; 2, posterior to the midlength of the 
maxillary tooth row and the anterior margin of the antorbital fenestra (Wilson and Sereno 1998; Yates 
2007; Ezcurra 2010). ORDERED – This character describes the posterior expansion of the external 
naris in dinosauriforms. In most taxa that were looked at in this study the external naris is not greatly 
expanded posteriorly and as a result its posterior border does not extend beyond the premaxilla-
maxilla suture. However, in certain taxa the external naris is expanded posteriorly and the posterior 
margin of the naris is located more posteriorly in the skull. In many taxa that have such an expansion 
the posterior margin lies posterior to the first maxillary tooth row and in others it lies more posteriorly, 
beyond the anterior margin of the antorbital fenestra. I order this character as it is likely that character 
states (1) and (2) represent a degree of development i.e., to get to character (2) a particular feature 
must go through character (1) first.   
39. Antorbital fossa: 0, restricted to the lacrimal; 1, restricted to the lacrimal and dorsal process of 
the maxilla; 2, present on the lacrimal, dorsal process of the maxilla and the dorsal margin of the 
posterior process of the maxilla (the ventral border of the antorbital fenestra) (Nesbitt et al. 2009c; 
Nesbitt 2011). ORDERED – This character is treated as ordered following Nesbitt (2011). 
60. Ornamentation on jugal: 0, absent; 1, present as small rugose surface; 2, present as well 
developed jugal boss (modified from Butler et al. 2008). ORDERED – This character is treated as 
ordered to as I consider the presence of a jugal boss is an extreme representation of smaller, rugose 
ornamentation, i.e., character state (2) is a further development of the character state (1). 
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68. Lateral temporal fenestra, maximum anteroposterior length of ventral half: 0, more than twice 
the maximum anteroposterior length of the dorsal half; 1, less than twice the maximum anteroposterior 
length of the dorsal half; 2, maximum anteroposterior length of the dorsal half is greater than that of 
the ventral half (new). ORDERED – In a number of taxa that were looked at in this study a substantial 
difference exists between the anteroposterior length of the dorsal and ventral portions of the lateral 
temporal fenestra. In many taxa, including in the outgroup taxon Euparkeria capensis, the ventral 
portion of the lateral temporal fenestra is more than twice the anteroposterior length of the dorsal 
portion. In all dinosaurs, except herrerasaurids and some sauropodomorphs, the difference between the 
anteroposterior lengths of the dorsal and ventral portions of this fenestra is much less. Indeed, in some 
ornithischian taxa, this difference is reversed from that which is seen in Euparkeria, i.e., the dorsal 
portion is of greater anteroposterior length than the ventral portion. This character is treated as ordered 
as the reduction in the anteroposterior length of the ventral portion of the lateral temporal fenestra 
relative to the dorsal portion is most likely a stepwise progression i.e., state (1) must first be present 
before state (2) can be acquired.  
117. Foramen for trigeminal nerve and middle cerebral vein: 0, combined and undivided; 1, at least 
partially subdivided by prootic; 2, fully divided (modified from Gower and Sennikov 1996; Gower 
2002; Nesbitt 2011). ORDERED – This character is ordered following Nesbitt 2011.  
145. Retroarticular process, upturn: 0, present and strong, retroarticular forms nearly a right angle 
with the rest of the mandible; 1, present and subtle, retroarticular is slightly upturned at its distal end; 
2, absent, retroarticular extends straight out from the caudal part of the mandible, or turns slightly 
downward (new). ORDERED – This character is treated as ordered as the reduction in angle formed 
between the distal and proximal portions of the retroarticular process most likely occurs as part of an 
evolutionary sequence, from state (0), through state (1), to state (2). In most dinosaurs, with the 
notable exception of herrerasaurids, the retroarticular is only slightly upturned at its distal end or is 
completely straight (entirely posteriorly oriented). In the outgroup taxon Euparkeria capensis the 
retroarticular is upturned at its distal end to form almost a 90 degree angle with the proximal portion of 
the process.  
167. Dentition: 0, homodont; 1, moderately heterodont, with small observable changes across tooth 
rows; 2, markedly heterodont, clearly distinct types of teeth present (modified from Parrish 1993; 
Nesbitt 2011). ORDERED – This character is treated as ordered as the acquisition of an increasingly 
heterodont dentition represents an evolutionary sequence, with markedly heterodont dentitions most 
likely arising from moderately heterodont dentition.  
169. Maxillary/dentary tooth, serrations: 0, absent; 1, present as small fine knifelike serrations; 2, 
present and enlarged and coarser (lower density) denticles (modified from Gauthier et al. 1988; Juul 
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1994; Dilkes 1998; Irmis et al. 2007; Butler et al. 2008; Nesbitt 2011). ORDERED –This character 
was also treated as ordered following Nesbitt (2011).  
174. Recurvature in majority of maxillary and dentary teeth: 0, strong recurvature present; 1, weak 
recurvature present; 2, recurvature absent (modified from Butler et al. 2008). ORDERED – This 
character is treated as ordered as the gradual reduction of recurvature in the majority of maxillary and 
dentary teeth must go through state (1) to reach state (2) i.e., the state represent a grade.  
180. Conical, often unserrated tooth crowns: 0, absent, 1, present together with serrated crowns, 2, 
encompasses all dental elements of maxilla and dentary (new). ORDERED – This character is treated 
as ordered as the eventual domination of conical and unserrated tooth crowns in the maxillary and 
dentary tooth rows most likely results from an initial stage in which not all teeth are conical and 
unserrated. 
197. Cervical vertebrae, pneumatic features (pleurocoels) in the anterior portion of the centrum: 0, 
absent; 1, present as fossae; 2, present as foramina (modified from Holtz 1994; Rauhut 2003; Smith et 
al. 2007; Nesbitt 2011). ORDERED – This character is treated as ordered following Nesbitt (2011). 
199. Elongation of cervical centrum (cervicals 3–5): 0, less than 3.0 times the centrum height; 1, 
3.0-4.0 times the centrum height; 2, >4.0 times the centrum height (Upchurch 1998; Pol et al. 2011b). 
ORDERED – This character is treated as ordered following Pol et al. (2011b). 
206. Angle formed between pre- and postzygapophyses on anterior-to-middle cervical vertebrae: 0, 
very large, around 40 degrees, or over; 1, large, around 30 degrees; 2, small, around 20 degrees (new). 
ORDERED – This character is treated as ordered as the reduction in angle between the pre- and 
postzygapophyses in the anterior and middle cervical vertebrae that is seen in a number of 
sauropodomorphs (e.g., Lufengosaurus huenei, ~30 degrees and Coloradisaurus brevis, ~20 degrees) 
represents a sequence of changes. Most dinosaurian taxa possess anterior and middle cervical 
vertebrae in which the pre- and postzygapophyses form an angle of around 40 degrees. 
214. Dorsals, number: 0, 12–14; 1, 15; 2, 16 or more (modified from Butler et al. 2008). 
ORDERED – This character was treated as ordered following Butler et al. (2008). 
215. Sacrals, number: 0, two; 1, three; 2. four/five; 3. six or more (Butler et al. 2008). ORDERED – 
This character was treated as ordered following Butler et al. (2008).  
222. Number of dorsosacral vertebrae: 0, none; 1, one; 2, two (Gauthier 1986; Yates 2007; Ezcurra 
2010). ORDERED – This character was treated as ordered as the acquisition dorsosacral vertebrae is 
sequential, i.e., a taxon must have a dorsosacral one before it can have a dorsosacral two. 
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251. Humerus/femur ratio: 0, roughly equal to or less than 0.6; 1, greater than 0.6 but less than 0.8; 
2, greater than 0.8 (modified from Gauthier 1986). ORDERED- This character was treated as ordered 
to capture the fact that the ratio is part of a sequence from state (0), through state (1) to state (2). 
269. Proximal width of the first metacarpal respect to its length: 0, less than 65% of its length; 1, 
65%-80% of its length; 2, greater than 80% of its length; 3: broader proximally than long (Sereno 
1999; Pol et al. 2011b). ORDERED – This character was treated as ordered following Pol et al. 
(2011b). 
272. Manual length (measured as the average length of digits I–III): 0, accounts for less than 0.3 of 
the total length of humerus plus radius; 1, more than 0.3 but less than 0.4 of the total length of 
humerus plus radius; 2, more than 0.4 of the total length of humerus plus radius (modified from 
Gauthier 1986; Langer and Benton 2006; Nesbitt 2011). ORDERED - This character was treated as 
ordered following Nesbitt (2011). 
286. Ventrolateral twisting of the transverse axis of the distal end of the first phalanx of manual 
digit one relative to its proximal end: 0, absent; 1, present proximodorsal lip aligned with dorsal 
margin of medial distal condyle; 2, present proximodorsal lip aligned with central region of medial 
ligament pit of the distal condyle (Sereno 1999; Pol et al. 2011b; Otero et al. 2015). ORDERED – This 
character was treated as ordered following Pol et al. (2011b).  
289. Manual digit IV: 0, five or four phalanges; 1, three or two phalanges; 2, one phalanx; 3, 
phalanges absent (Gauthier 1986; Benton and Clark 1988; Sereno et al. 1993; Novas 1996; Benton 
1999; Irmis et al. 2007; Nesbitt 2011). ORDERED – This character was treated as ordered as the 
reduction of the number of phalanges in digit IV must pass through state (1) to reach state (2).  
303. Ilium, distinct fossa present for the attachment of the M. caudofemoralis brevis (brevis shelf): 
0, absent; 1, present as an embankment on the lateral side of the posterior portion of the ilium; 2, 
present, not visible in lateral view and is in the form of a fossa on the dorsal margin of the ilium and/or 
the ventral surface of postacetabular process (modified from Gauthier and Padian 1985; Gauthier 
1986: Juul 1994; Novas 1996; Benton 1999; Hutchinson 2001a; Butler et al. 2008; Nesbitt 2011). 
ORDERED – This character was treated as ordered following Nesbitt (2011). 
305. Ilium, ridge (or buttress) extending from the middle of the supraacetabular crest to the lateral 
edge of the preacetabular process: 0, absent; 1, present, low and rounded swelling; 2, present, 
pronounced and sharp (buttress) (new). ORDERED – This character is treated as ordered as the 
development of a ridge that extends from the middle of the supraacetabular crest to the lateral edge of 
the preacetabular process must pass through state (1) to reach state (2) i.e., states (1) and (2) represent 
increasingly well-developed forms of the same feature.. 
93 
 
307. Length of the postacetabular process as a percentage of the total length of the ilium: 0, more 
than 35%; 1, 35%-25%; 2, 20% or less (Butler et al. 2008). ORDERED – This character was treated as 
ordered following Butler et al. (2008). 
313. Supraacetabular crest of ilium: 0, not extended along (only at the base of) the pubic 
penduncle; 1, extended along the pubic penduncle as a faint ridge; 2, extended along the full length of 
the pubic penduncle and contacts the distal end as a well-developed crest (Ezcurra 2010). ORDERED 
– This character is treated as ordered as the presence of a portion of the supraacetabular crest on the 
pubic peduncle must go through state (1) before it can become state (2).   
322. Ischial shaft: 0, tapers distally; 1, expands weakly, or is parallel-sided, distally; 2, distally 
expanded into a distinct ‘foot’ or 'boot' (modified from Butler et al. 2008). ORDERED – This 
character is treated as ordered as the level of distal expansion forms a grade from state (0) to state (2), 
via state (1).  
334. Shaft of pubis (postpubis), length: 0, longer than or approximately equal in length to the 
ischium; 1, reduced, extends two-thirds to one-half of the length of the ischium; 2, splint-like 
(modified from Butler et al. 2008). ORDERED – This character is treated as ordered to homologise a 
reduction of the pubic shaft. This character was divided into two characters by Butler et al. (2008) but 
is combined into one ordered character here, to the same effect.  
338. Openings in the body of the pubis (obturator foramen): 0, absent, no obturator process or 
notch; 1, one, single obturator foramen or obturator notch present; 2, two, distinct second opening in 
the main body (‘ceratosaur’ foramen) (new). ORDERED – This character is treated as ordered to as 
taxa can only possess a second opening f they already possess one.  
353. Femur, proximal portion, anteromedial tuber: 0, absent; 1, small and rounded; 2, offset 
medially (or posteriorly) relative to the posteromedial tuber (Gauthier 1986; Benton 1999; Clark et al. 
2000; Olsen et al. 2000; Benton and Walker 2002; Sues et al. 2003; Clark et al. 2004; Nesbitt 2011). 
ORDERED – This character is treated as ordered following Nesbitt (2011). 
360. Medial bowing of the femur: 0, present, strong sigmoidal profile in anterior/posterior view; 1, 
present, small medial bowing forming gentle continuous curve; 2, absent, femur is straight in 
anterior/posterior view (new). ORDERED – In the outgroup taxon Euparkeria capensis and most 
dinosauriforms the femur is strongly sigmoidal. In some dinosaurs the medial bowing that produces 
the sigmoidal profile seen in other taxa is reduced. In some taxa the medial bowing is completely 
absent, for example in derived sauropodomorphs. This character is treated as ordered to the gradual 
reduction of medial bowing along the length of the femur, from state (0), through state (1), to state (2).  
378. Fourth trochanter of femur, shape: 0, low, mound-like and rounded; 1, raised, prominent ridge 
(aliform); 2, raised and pendant or rod-like (modified from Butler et al. 2008; Nesbitt 2011). 
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ORDERED – This character is treated as ordered as I consider the pendant trochanter seen in many 
ornithischians to be a further development of the raised trochanter seen in most other dinosaurs (but 
not in other dinosauromorphs).  
387. Tibia, proximal portion, cnemial crest: 0, absent; 1, present and anteriorly straight; 2, present 
and curved anterolaterally (Benton and Clark 1988; Juul 1994; Novas 1996; Benton 1999; Irmis et al. 
2007; Nesbitt 2011). ORDERED – This character is treated as ordered following Nesbitt (2011).  
393. Tibia, posterolateral flange (posterolateral process, descending process) of the distal portion: 
0, absent; 1, present and contacts fibula; 2, present and extends well posterior to the fibula (modified 
from Novas 1992; Juul 1994; Benton 1999; Langer and Benton 2006; Irmis et al. 2007; Nesbitt 2011). 
ORDERED – This character is treated as ordered following Nesbitt (2011).  
442. Metatarsal V, phalanges: 0, present and ‘fully’ developed first phalanx; 1, present and ‘poorly’ 
developed first phalanx; 2, without phalanges (modified from Gauthier 1984; Parrish 1993; Nesbitt 
2011). ORDERED – This character is treated as ordered following Nesbitt (2011). 
446. Digit 1: 0, metatarsal I robust and well-developed, distal end of phalanx 1-1 projects beyond 
the distal end of metatarsal II; 1, metatarsal I reduced, end of phalanx 1-1 does not extend much 
beyond the end of metatarsal II if at all; 2, metatarsal I reduced to a vestigial splint or absent, does not 
bear digits (Butler et al. 2008). ORDERED – This character is treated as ordered following Butler et 
al. (2008) 
 
To test whether or not the choice of which characters are treated as ordered is having an effect on the 
fundamental tree topology in the main analyses of this study, an additional analysis was also carried 
out in which no characters were treated as ordered. 
 
3.3 Results. The analysis produced 93 MPTs, each of length 1730 steps, with CI = 0.3074 and RI = 
0.6066.  
The most striking and significant result of this initial analysis is the recovery of an 
Ornithischia+Theropoda sister-taxon relationship (Figure 3.1). Sister to this group, which herein will 
be termed Ornithoscelida (Huxley 1870), is a clade containing Sauropodomorpha and Herrerasauridae. 
This clade, which is in essence a reduced form of the clade Saurischia (see below), along with the 
clade Ornithoscelida together from a monophyletic group to the exclusion of all other non-dinosaurian 
dinosauromorphs. In this respect, this clade or Ornithoscelida and Saurischia is most similar to the 
traditional Dinosauria. Below, I redefine Dinosauria and its subsidiary clades to account for this 
proposed alternative topology. For clarity, I will, from this point onward, use the terms Dinosauria to 
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refer to all that taxa that descend from the most recent common ancestor (MRCA) of 
sauropodomorphs, ornithischians and theropods (Figure 3.1 - A), Ornithoscelida to refer to all that 
taxa that descend from the MRCA of ornithischians and theropods (Figure 3.1 - B) and Saurischia to 
refer to all that taxa that descend from the MRCA of sauropodomorphs and herrerasaurids (Figure 3.1 
- C).  
   
 
Figure 3.1. Phylogenetic relationships of early dinosaurs. Time-calibrated strict consensus of 94 trees of an 
analysis with 73 taxa and 457 characters. (A), the least inclusive clade that includes Passer domesticus, 
Triceratops horridus and Diplodocus carnegii = Dinosauria, as newly defined; (B), the least inclusive clade that 
includes Passer domesticus and Triceratops horridus = Ornithoscelida, as defined; (C), the most inclusive clade 
that contains Diplodocus carnegii but not Triceratops horridus = Saurischia, as newly defined. For further 
information on definitions see text and Table 3.1. All subdivisions of the time periods (white and grey bands) are 
scaled according to their relative lengths with the exception of the Olenekian (Lower Triassic), which has been 
expanded relative to the other subdivisions to better show the resolution within Silesauridae and among other 
non-dinosaurian dinosauromorphs. 
Members of Ornithoscelida are united by the possession of 21 unambiguous synapomorphies noted 
with a * (character numbers are listed below) and other shared features: an anterior premaxillary 
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foramen located on the inside of the narial fossa*; a diastema between the premaxillary and maxillary 
tooth rows of at least one tooth crown’s length; a sharp longitudinal ridge on the lateral surface of the 
maxilla*; a jugal that is excluded from the margin of the antorbital fenestra by the lacrimal-maxilla 
contact (appears convergently in some ‘massospondylids’)*; an anteroventrally oriented quadrate*; an 
extended contact between the quadratojugal and the squamosal; short and deep (length < twice 
dorsoventral height) paroccipital processes*; a post-temporal foramen that is entirely enclosed within 
the paroccipital processes*; a supraoccipital that is taller than it is wide*; a well-developed ventral 
recess on the parabasisphenoid*; an anterior tympanic recess (convergently acquired in Plateosaurus); 
a surangular foramen positioned posterolaterally on the surangular*; an entirely posteriorly oriented 
retroarticular process, lacking any substantial distal upturn*; at least one dorsosacral vertebra anterior 
to the primordial pair*; neural spines of proximal caudals that occupy less than half the length of the 
neural arches (also present in some sauropodomorphs, but absent in Herrerasauridae, Guaibasaurus, 
and nearly all sauropodomorphs as or more derived than Plateosaurus)*; scapula blade more than 
three times the distal width (also in Guaibasaurus)*; humeral shaft that has an extensively expanded 
ventral portion of the proximal end, creating a distinct bowing (convergently acquired in plateosaurids 
and more derived sauropodomorphs)*; absence of a medioventral acetabular flange (also lost in 
plateosaurids and more derived sauropodomorphs)*; a straight femur, without a sigmoidal profile (also 
acquired by more derived sauropodomorphs but absent in basal forms such as Saturnalia and 
Pampadromaeus, also absent in Herrerasauridae)*; a well-developed anterior trochanter that is broad 
and at least partly separated from the shaft of the femur*; a fibular crest on the lateral side of the 
proximal portion of the tibia (described as present in Eoraptor though I could not confirm its presence, 
also absent in Tawa); an oblique articular end of the tibia in which the outer malleolus extends further 
distally than the inner malleolus (although this appears to be absent in Pisanosaurus); a heavily 
reduced fibular facet on the astragalus*; a transversely compressed calcaneum with reduced posterior 
projection and medial process*; a first metatarsal that does not reach the ankle joint, but that is instead 
attached ventrally to the shaft of metatarsal II*; and fusion of the distal tarsals to the proximal ends of 
the metatarsals* (Figure 3.2). Character support for each of the other major nodes recovered in this 
initial analysis are given below.  
97 
 
 
Figure 3.2. Skeletal anatomy of ornithoscelidans. (A), skull of Eoraptor lunensis (PVSJ 512); (B), skull of 
Heterodontosaurus tucki (SAM-PK-K1332); (C), teeth of ornithoscelidans Eoraptor lunensis (PVSJ 512) and 
Laquintasaura venezuelae (MBLUZ P.1396); (D), scapula of Lesothosaurus diagnosticus (NHMUK PV 
R11000); (E), humerus of Eocursor parvus (SAM-PK-K8025); F, forelimb of Heterodontosaurus tucki (SAM-
PK-K1332); (G), proximal end of tibia of Lesothosaurus diagnosticus (NHMUK PV RU B17); (H), distal end of 
tibia of Lesothosaurus diagnosticus (NHMUK PV RU B17); (I), fused distal end of tibia, fibula and proximal 
tarsals of Fruitadens haagarorum (LACM 115727); (J), femur of neotheropod Dracoraptor hanigani (NMW 
2015.5G.1-11); K, distal tarsals and pes of Heterodontosaurus tucki (SAM-PK-K1332); (L), ilium of 
Heterodontosaurus tucki (SAM-PK-K1332); (M–O), supraoccipitals of saurischian (M, N) and ornithoscelidan 
(O) dinosaurs showing the difference in height:width ratios observed in these clades; M, Herrerasaurus 
ischigualastensis (PVSJ 407); (N), Thecodontosaurus antiquus (YPM 2192); (O), Heterodontosaurus tucki 
(SAM-PK-K1332). 1–19 Select synapomorphies of Ornithoscelida: 1, anterior premaxillary foramen; 2, 
diastema; 3, sharp ridge on maxilla; 4, jugal excluded from antorbital fenestra; 5, anteroventrally oriented 
quadrate; 6, elongate quadrate-squamosal contact; 7, elongate paroccipital processes; 8, post-temporal foramen 
enclosed within paroccipital processes; 9, supraoccipital taller than wide; 10, foramen on lateral surface of 
dentary; 11, straight retroarticular process; 12, scapula, length > 3x distal width; 13, ventrally bowed humerus; 
14, open acetabulum; 15, broadened anterior trochanter, partially separated from femoral shaft; 16, fibular crest; 
17, oblique distal surface of tibia; 18, fusion of distal tarsals to metatarsals. Scale bars = 20 mm. 
 
In addition to the above, several other unusual anatomical features are shared by some members of 
Ornithoscelida including fusion of the sacral neural spines (as in Lesothosaurus and Megalosaurus); 
the presence of an antitrochanter on the ilium (in Heterodontosaurus and numerous theropods); 
reduction of the distal end of the fibula (in Heterodontosaurus, Tianyulong, Fruitadens and numerous 
theropods); fusion of the tibia, fibula and proximal tarsals into a tibiotarsus (as in Heterodontosaurus, 
Coelophysis and ‘Syntarsus’); and fusion of the metatarsals (as in Heterodontosaurus and 
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‘Syntarsus’). Together, these characters seem to suggest a more complex relationship among basal 
dinosaurs than can be explained by traditional models. However, these characters do not currently 
optimise as synapomorphies of any large clade within the given trees, mostly due to a lack of 
information on some taxa, which stems from the incompleteness of the fossil record. Future studies 
and, critically, new discoveries, may yet reveal the nature of these characters and their distribution 
within Dinosauria. 
Below is a list of characters changes at each major node within the tree that was recovered by the main 
analysis. These have also been mapped on to Figure 3.3. 
 
Dinosauria+Saltopus+Silesauridae: 192 (0->1), 203 (0->1), 244 (0->1), 295 (1->0), 303 (0->1), 305 
(0->1), 333 (0->1), 335 (1->0), 346 (1->0), 364 (0->1), 375 (0->1), 406 (0->1), 439 (0->1) 
Dinosauria: 18 (0->1), 83 (0->1), 93 (0->1), 189 (0->1), 194 (0->1), 253 (0->1), 272 (0->1), 301 (1-
>0), 306 (0->2), 361 (1->0), 380 (0->1), 387 (1->2), 411 (0->1), 415 (0->1), 423 (0->1) 
Ornithoscelida: 12 (0->1), 35 (0->1), 54 (0->1), 76 (0->1), 88 (1->0), 90 (1->0), 97 (1->0), 100 (0-
>1), 145 (?->2), 222 (0->1), 228 (0->1), 241 (0->1), 256 (0->1), 308 (0->1), 360 (0->1), 370 (1->2), 
372 (0->1), 412 (0->1), 424 (0->1), 435 (0->1), 438 (0->1) 
Saurischia: 26 (0->1), 30 (0->1), 89 (1->0), 180 (0->1), 224 (0->1), 247 (1->0), 286 (0->1), 321 (0-
>2), 330 (0->2), 402 (1->0), 417 (0->1), 440 (0->1), 446 (1->0), 450 (0->1) 
Theropoda: 8 (0->1), 41 (0->1), 43 (0->1), 45 (1->0), 56 (0->1), 103 (0->1), 131 (0->1), 135 (0->1), 
279 (0->1), 285 (0->1), 289 (1->2), 304 (0->1), 310 (0->1), 315 (0->1), 322 (1->2)  
Ornithischia: 36 (0->1), 37 (0->1), 134 (0->1), 156 (0->1), 166 (0->1), 174 (0->2), 176 (0->1), 374 
(0->1), 407 (0->1)  
Sauropodomorpha: 8 (0->1), 9 (0->1), 21 (0->1), 23 (0->1), 24 (0->1), 34 (0->1), 84 (0->1), 85 (1-
>0), 148 (0->1), 152 (0->1), 169 (1->2), 174 (0->1), 184 (0->1), 194 (1->2), 203 (1->0), 295 (0->1), 
322 (1->2), 394 (0->1) 
Silesauridae: 31 (0->1), 33 (0->1), 91 (0->1), 95 (0->1), 111 (0->1), 161 (0->1), 300 (0->1), 305 (1-
>2), 315 (0->1), 383 (0->1) 
Dinosauria+Saltopus: 258 (0->1), 267 (0->1), 325 (1->2) 
Herrerasauridae: 243 (0->1), 303 (1->0), 313 (2->1), 318 (0->1), 365 (0->1), 390 (0->1) 
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The new clade Ornithoscelida is well supported, with Bremer support of 4. Additionally, Ornithischia, 
Theropoda, Sauropodomorpha and Herrerasauridae are also well supported with Bremer support 
values of 4, 3, 3 and 3 respectively. With all taxa included, Saurischia (new definitions – see below) 
has a relatively low Bremer support value of 2. Further to this, Dinosauria is also poorly supported, 
with a Bremer support value of 1. However, further investigation of the causes of the decay values of 
Dinosauria, Sauropodomorpha and Saurischia revealed that a small number of poorly-known basal 
dinosauriform taxa had a tendency to move out of the groups that they are more traditionally 
associated with and into various positions within Sauropodomorpha and Saurischia in a small number 
of suboptimal trees (trees with overall length >1734 steps). Excluding Saltopus elginensis, 
Agnosphytis cromhallensis, Eucoelophysis baldwini and Diodorus scytobrachion, all of which have 
relatively low levels of skeletal completeness when compared to most of the other taxa in this study, 
increases the Bremer support values for each of the major clades. Critically, Dinosauria and Saurischia 
exhibit Bremer support values of 3 and 4 respectively. Dinosauria+Silesauridae was found to have a 
Bremer support value of 2 in this analysis (Figure 3.3). 
By producing a constraint tree in TNT, I was able to calculate the number of additional steps it would 
take to recover a ‘traditional’ Saurischia clade containing theropods, sauropodomorphs and 
herrerasaurids. It was found that, with all of these taxa included and forced into a single monophyletic 
group, 20 additional steps were needed to recover Saurischia as previously defined (Sereno 2005). 
This gives strong support to recovery of a restricted version of Saurischia and a monophyletic 
Ornithoscelida. The results of the Templeton test that compared the original tree to this constrained 
tree produced a non-significant result (i.e.,p>0.05). This result highlights that, with the given character 
data, there is not a significant difference between the topology recovered in this chapter 
(Ornithoscelida-Saurischia model) and the traditional tree topology (Ornithischia-Saurischia model) 
recovered by previous studies, despite the number of additional steps needed to recover it (e.g., 
Ezcurra 2010). 
In the additional analyses that used alternative outgroup taxa, the fundamental shape of the 
dinosaurian tree did not differ from that produced in the main analysis presented in this study. This 
suggests that outgroup choice has no significant role in the recovery of the main results of this study 
and that the dichotomy within Dinosauria of Ornithoscelida and Sauropodomorpha+Herrerasauridae 
(Saurischia, new definition) is robust (Figures 3.4). A Templeton test that compared the original tree 
(Figure 3.1) to this tree (Figure 3.4) found no significant difference between the two (p>0.05). 
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Figure 3.3. Reduced strict consensus tree of the main analysis showing bootstrap frequencies (above) and 
Bremer support values (below) that were calculated for each of the major nodes. Ornithoscelida, Ornithischia 
(blue), Theropoda (purple), Herrerasauridae, Dinosauria and Silesauridae are all very well supported, with 
Bremer support values of 3 or more. Saurischia (green) and Sauropodomorpha are less well supported, with 
Bremer support values of 2. Bootstrap frequencies below 50 are not shown.  
 
3.4 Discussion. 
3.4.1 Topology. The recovery of Sauropodomorpha outside the Ornithischia-Theropoda dichotomy is 
a novel and unexpected result, leading to the break-up of Saurischia as traditionally defined (Seeley 
1887; Sereno 2005). Sauropodomorpha exhibits much higher relative abundance and taxic diversity 
than ornithischians and theropods in the Triassic and Early Jurassic (Barrett et al. 2011), a 
phenomenon that is yet to be explained adequately (Padian 2013). It has been suggested previously 
that, for Ornithischia at least, the later appearance in the fossil record and relatively low abundance in 
the Triassic and Early Jurassic, especially when compared with that of Sauropodomorpha, might be a 
direct result of a different origin of Ornithischia than traditionally hypothesised (Padian 2013). While 
this study suggests such an alternative origin for Ornithischia within Dinosauria, it does not yet 
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provide an explanation for the observed differences in species richness between the main dinosaurian 
clades during this time.     
Herrerasauridae is recovered as the sister group to Sauropodomorpha, suggesting that some of the 
theropod-like features of their anatomy evolved independently of those found in theropods, most likely 
as a direct result of their fully carnivorous feeding strategy; in this hypothesis a fully carnivorous 
feeding strategy is not recovered as the plesiomorphic condition for dinosaurs and so I am forced to 
interpret some of the similarities between herrerasaurids and theropods as convergences. This 
convergent evolution of hypercarnivore morphology within Dinosauria raises interesting questions 
about the drivers of early dinosaur evolution. For example, did a dentition composed exclusively of 
sharp, recurved and serrated teeth, such as those that are present in representatives from both of these 
clades, evolve independently of each other or not? The earliest representatives of each of the major 
dinosaur clades often possess at least some recurved, serrated teeth, most commonly as part of a 
heterodont dentition. 
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<Figure 3.4. Strict consensus tree produced when Dimorphodon macronyx was chosen as the outgroup taxon. 
Tree was produced from 79 MPTs each of length 1627 steps (CI = 0.2907 and RI = 0.6228). The clades 
Ornithoscelida and Sauropodomorpha+Herrerasauridae (Saurischia, new definition) are both recovered. Colour 
code same as in Figure 3.3.  
 
However, no known members of Sauropodomorpha or Ornithischia exhibit dentitions that are 
exclusively composed of recurved, serrated teeth, nor does the early theropod Eoraptor. Hence, it 
seems likely, within this new framework, that at least some of the recurved, serrated teeth that make 
up the dentition of derived theropods and herrerasaurids have convergently adopted this morphology. 
Furthermore, the rostral extension of the dentary tooth-row appears also to be convergent between 
theropods and herrerasaurids; in members of both clades, the dentary tooth row extends to the rostral 
tip of the dentary. It is also possible, however, that this character represents a dinosaur 
symplesiomorphy and its functional significance is unknown. 
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<Figure 3.5. Strict consensus tree produced when all characters were treated as unordered. Tree was produced 
from 83 MPTs each of length 1690 steps (CI = 0.2895 and RI = 0.6005). The clades Ornithoscelida and 
Saurischia (new definition, see Table 3.1) are both recovered in this analysis. Colour code same as in Figure 3.3.  
 
Dinosauria is recovered in a polytomy with Silesauridae and the enigmatic Late Triassic British taxon 
Saltopus elginensis. This, along with the placement of another enigmatic British taxon, Agnosphytis 
cromhallensis, as a basal member of Silesauridae also provides some evidence for a possible Northern 
Hemisphere origin for Dinosauria+Silesauridae (silesaurids are also represented by a number of 
European and North American taxa), if not also of Dinosauria.  
 
3.4.2 Definitions. The new tree topology requires new definitions for several clades within 
Dinosauromorpha. Following previous suggestions, three well-known, deeply-nested species are used 
as the specifiers within the new definitions – Passer domesticus (a theropod), Triceratops horridus (an 
ornithischian) and Diplodocus carnegii (a sauropodomorph). The consistent use of these three taxa, in 
various combinations, provides a simple and elegant framework around which future studies can 
operate.  
As Dinosauria Owen, 1842 is currently defined as the least inclusive clade that includes Passer 
domesticus and Triceratops horridus (Sereno 2005), the newly proposed topology would result in the 
exclusion of Sauropodomorpha from Dinosauria. To circumvent this and to maintain taxonomic 
stability, Dinosauria is redefined as the least inclusive clade that includes Passer domesticus, 
Triceratops horridus and Diplodocus carnegii. The addition of Diplodocus to the definition of 
Dinosauria guarantees that Sauropodomorpha, Ornithischia and Theropoda will remain within the 
higher-level clade irrespective of changes to future phylogenetic hypotheses. The fundamental 
interrelationships of the major dinosaurian lineages, as well as the position of basal forms, such as 
Herrerasaurus and Eoraptor, would then have no effect on the definition of Dinosauria, provided the 
new definitions are adopted (Table 3.1). 
The current definition of Theropoda – the most inclusive clade containing Passer domesticus but not 
Saltasaurus loricatus (Taylor et al. 2010) – is problematic as it would, within this new hypothesis, 
force the inclusion of ornithischians. Ornithoscelida was coined 11 years prior to Theropoda (Huxley 
1870, 1881) and so it could be argued that Theropoda should become obsolete by reason of priority 
when definitions result in these two names encompassing the same set of taxa. In order to maintain 
Theropoda in its more traditional sense, I propose a change in the definition – all taxa more closely 
related to Passer domesticus than to either Diplodocus carnegii or Triceratops horridus. I also propose 
a new definition of Sauropodomorpha, in order to better maintain the stability of this clade through 
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future amendments to the dinosaur tree. I modify the currently held definition and propose a new 
definition – all taxa more closely related to Diplodocus carnegii than to either Triceratops horridus, 
Passer domesticus or Herrerasaurus ischigualastensis. 
I revive the name Ornithoscelida to encompass the clade defined by Triceratops and Passer because 
the name, as originally coined in 1870, was designed to reflect the very bird-like hind limbs of 
dinosaurs such as Megalosaurus and Iguanodon (Huxley 1870). Given the number of features of the 
hind limb that are shared exclusively among members of this new clade, it seems an appropriate 
choice; not only this, but its junior status with respect to Dinosauria (Owen 1842; Huxley 1870) 
provides an element of taxonomic stability as further work is carried out on this critical part of the 
tree.  
 
Table 3.1. Newly proposed set of definitions for the major dinosaurian clades. black = node based; blue = stem 
based 
Clade  Definition 
Dinosauria 
The least inclusive clade that includes Passer domesticus, Triceratops 
horridus and Diplodocus carnegii 
Ornithoscelida 
The least inclusive clade that includes Passer domesticus and 
Triceratops horridus 
Saurischia 
The most inclusive clade that contains Diplodocus carnegii but not 
Triceratops horridus 
Theropoda 
The most inclusive clade that contains Passer domesticus but not 
Diplodocus carnegii or Triceratops horridus 
Ornithischia 
The most inclusive clade that contains Triceratops horridus but not 
Passer domesticus or Diplodocus carnegii   
Sauropodomorpha 
The most inclusive clade that contains Diplodocus carnegii but not 
Triceratops horridus, Passer domesticus or Herrerasaurus 
ischigualastensis 
Herrerasauridae 
The least inclusive clade that includes Herrerasaurus ischigualastensis 
and Staurikosaurus pricei37 
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3.4.3 The Phylogenetic Position of Saltopus elginensis. Saltopus elginensis is recovered, in the strict 
consensus, in a polytomy with Dinosauria and Silesauridae. These taxa are united by a number of 
characters (see below). The lack of clear resolution in this part of the tree results, in part, from the 
incomplete nature and poor preservation of the only known specimen of Saltopus (only elements of 
the post-cervical axial column, pelvic and pectoral girdles and fragmentary fore- and hind limbs are 
preserved as natural moulds, on part and counterpart slabs).  
In a 50% majority rule consensus tree, Saltopus elginensis is recovered as the sister taxon to 
Dinosauria. This position is supported by three characters – a humerus with a proximal articular 
surface that is not continuous with the deltopectoral crest, a radius that is shorter than 80% of the 
humerus length and an ischium with a large, non-articulating surface between its pubic and iliac 
articular processes. However, given the nature of the type material, some of these character states are 
hard to assess, and so the interpretations of Benton and Walker (2011) were followed herein.  Having 
a Northern Hemisphere taxon positioned so close to the base of Dinosauria hints at a possible non-
Gondwanan origin for Dinosauria. This basal, Carnian dinosauriform, while fragmentary, and its 
positions within the new framework, provides much scope for future studies and discussion.   
 
3.4.4 Eoraptor lunensis: A Member of Theropoda or Sauropodomorpha? Eoraptor is an important 
early dinosaur. At the time of its discovery it was believed to represent a basal theropod (Sereno et al. 
1993), but subsequent studies recovered it in a number of different positions within the dinosaur tree, 
the most controversial of which is the recovery of Eoraptor as one of the basal-most sauropodomorphs 
(Martinez et al. 2011; Sereno et al. 2013). This position was based upon a number of supposed 
sauropodomorph features in the holotype and referred material. This analysis, as well as a number of 
other recent studies (Ezcurra 2010; Nesbitt 2011), finds Eoraptor to be a basal member of Theropoda.  
First-hand examination of the material referred to Eoraptor found that several of the key features 
reported as present in Eoraptor, and that have been used to unite it with members of 
Sauropodomorpha, were absent, missing or ambiguous. For example, some features, such as the 
described presence of a subnarial foramen between the premaxilla and maxilla, represent 
misinterpretation of the anatomy and the effects of fossilisation on the material (Sereno et al. 2013). 
Furthermore, the referral of PVSJ 559 to Eoraptor is considered here to be dubious - the referral is not 
based upon the presence of apomorphies but is instead reliant on an assumption that there was only 
one small-bodied sauropodomorph in the Ishigualasto Formation dinosaur fauna. Thus, characters that 
are cited as being present or absent in Eoraptor based upon this referred material should be considered 
with caution. 
The few ‘sauropodomorph-like’ features that do appear in Eoraptor are inferred to be dinosaur 
symplesiomorphies that were retained as a result of its extremely basal position within Ornithoscelida. 
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As the earliest known member of Ornithoscelida, Eoraptor may serve as a good model for the 
ancestral condition for this group, and also, with the number of plesiomorphic conditions shared with 
basal-most members of Saurischia (new definition), it may also give us good insights into the ancestral 
conditions for Dinosauria.  
 
3.4.5 Agnosphytis cromhallensis as a Member of Silesauridae. The enigmatic British taxon, 
Agnosphytis cromhallensis, is recovered here as a member of Silesauridae. However, the spread of 
characters within the material belonging to this taxon is complex. Some elements of this material 
would, on their own, suggest a different position within the tree: for example, the ‘more derived’ 
nature of elements like the astragalus suggest a dinosaurian affinity for Agnosphytis (Fraser et al. 
2002). It is possible that the material belonging to Agnosphytis could represent a chimaera as it is 
based on disarticulated fissure-fill material. The maxilla (VMNH 1751) seems almost certainly of 
silesaurid affinity, due to the ankylosed nature of its teeth. Other elements such as the humerus 
(VMNH 1750) also appear very similar to those same elements in other silesaurid taxa. The holotype 
specimen (VMNH 1745), a left ilium, appears much more similar to those of basal sauropodomorphs 
such as Saturnalia tupiniquim and Guaibasaurus candelariensis. However, further work is needed on 
this taxon to better establish its position within Dinosauromorpha. 
 
3.4.6 Position and Significance of Nyasasaurus parringtoni. The new hypothesis presents a 
challenge to previous thinking on dinosaur origins, in terms of its geographic and temporal setting. 
Due to the discovery of numerous early and basally diverging dinosaurs and their dinosauromorph 
outgroups in southern South America and eastern Africa, previous work on dinosaur origins has 
favoured a Gondwanan origin for Dinosauria, sometime during the Anisian stage of the Triassic. The 
new model suggests that, as a result of the position of a number of key taxa, the origin of dinosaurs 
may not have been in Gondwana, but somewhere in the Northern Hemisphere. Furthermore, these 
analyses place the origin of dinosaurs at the Olenekian-Anisian boundary (~247 Ma), slightly earlier 
than suggested previously and, similarly, some of the key divergences within the clade may have 
occurred in the late Middle and very earliest Late Triassic (Figure 3.6); The main analysis presented 
herein included Nyasasaurus parringtoni, as it represents an early, and possibly very important, 
dinosauriform (Nesbitt et al. 2013). In this analysis (74 taxa in total) Nyasasaurus was consistently 
recovered as a derived member of Sauropodomorpha, most closely related to taxa like 
Massospondylus and Coloradisaurus (Figure 3.6). This result was also recovered in some of the 
analyses of Nesbitt et al. (2013: though not in their preferred tree) and, if true, has numerous 
implications for the timing of origins for Dinosauria, Saurischia and Sauropodomorpha.  
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When Nyasasaurus parringtoni was named it was suggested to represent either the earliest known 
dinosaur or the closest outgroup to Dinosauria (Nesbitt et al. 2013). Indeed, its early appearance in the 
fossil record (Anisian) hints at a possible basal position for Nyasasaurus parringtoni within the 
dinosaurian lineage. For these reasons, it is surprising that Nyasasaurus was recovered so well-nested 
within Sauropodomorpha. However, consideration of its anatomy, especially comparison with Early 
Jurassic forms like Massospondylus, shows clearly how at least some elements within the hypodigm of 
Nyasasaurus could represent a massospondylid sauropodomorph. While a monophyletic 
Massospondylidae was not recovered by the analysis, the polytomy of sauropodomorphs more derived 
than Plateosauridae does contain a number of taxa traditionally considered to be massospondylids, and 
it is within this grade of taxa that this analysis recovers Nyasasaurus. 
The time-calibrated strict consensus tree that contained Nyasasaurus parringtoni was created using the 
R-package strap (Bell and Lloyd 2015). Sources for taxon ages are listed in Table 3.2. 
 
 
Figure 3.6. Strict consensus tree set against the geological timescale, showing the predicted Early Triassic 
divergence dates of Dinosauria (star) and of the major dinosaurian lineages when the potential ‘massospondylid’ 
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sauropodomorph Nyasasaurus parringtoni is included in the analysis. (A), origin of Dinosauria (new definition) 
when Nyasasaurus is considered; (B), origin of Saurischia (new definition) when Nyasasaurus is considered; 
(C), origin of Ornithoscelida when Nyasasaurus is considered. 
 
3.4.7 The Ancestral Dinosaur. The new hypothesis presented herein forces a re-evaluation of 
previous scenarios of early dinosaur evolution and diversification. The recovery of two distinct clades, 
Ornithoscelida and Saurischia, provides several challenges to established hypotheses on the anatomy, 
palaeobiology and palaeobiogeography of early dinosaurs. For example, there has been much debate 
concerning the appearance of the common ancestor of the dinosaurs and its way of life, and recent 
discoveries (Yates 2003; Martinez & Alcober 2009; Nesbitt et al. 2009a, b, 2010; Ezcurra 2010; 
Cabreira et al 2011, 2016) have shed some light on these matters. However, a number of key issues 
remain hotly contested, including the bauplan, size, stance, method of locomotion and diet of the 
ancestral dinosaur, as well the clade’s centre of origin (see above).   
Recent studies have led to a general consensus that the earliest dinosaurs were relatively small and 
bipedal, and this idea finds further support within the new hypothesis, as both basal sauropodomorphs 
and basal ornithoscelidans are small bipeds. Manus anatomy in many early dinosaurs also appears to 
be very similar, with supinated, non-weight bearing, ‘grasping’ hands appearing in basal saurischians 
such as Herrerasaurus (PVSJ 373) and basal ornithoscelidans such as Heterodontosaurus (SAM-PK-
K1332) and Eoraptor (PVSJ 512). As pointed out in several previous studies (e.g., Nesbitt 2011; 
Galton 2014), these similarities were often considered to represent convergences given the supposedly 
distant relationship between taxa such as Heterodontosaurus and Herrerasaurus. Within the new 
phylogenetic framework, the supinated, grasping hands seen in some early taxa are interpreted as the 
primitive dinosaurian condition. It may be that the ability to grasp with the manus played an important 
role in early dinosaur evolution, perhaps related to feeding, and, furthermore, it is possible that the 
evolution of bipedality (and the removal of the manus from locomotion) allowed this grasping ability 
to evolve in early dinosaurs, conferring some sort of evolutionary advantage over contemporary 
ornithodiran and archosaurian groups, eventually leading to the dinosaurs’ increase in prominence 
during the Mesozoic Era.  
In terms of diet, carnivory, herbivory and omnivory have all been suggested for early dinosaurs, but 
current hypotheses of dinosaur relationships render this issue ambiguous (Barrett et al. 2011). The 
heterodont dentition of basal sauropodomorphs such as Pampadromaeus, Panphagia and Pantydraco 
suggest that members of basal Sauropodomorpha experimented with omnivory in the group’s early 
stages. In the new model, Theropoda and Ornithischia are united into Ornithoscelida, the basal 
members of which, such as Heterodontosaurus and Eoraptor, have heterodont dentitions. This 
suggests an omnivorous ancestral state for Ornithoscelida also. Taken together, this strongly suggests 
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that ancestral dinosaurs were omnivorous, as the two largest clades within Dinosauria appear to be 
ancestrally omnivorous, bearing heterodont dentitions. The basal saurischian group Herrerasauridae 
evidently contains carnivores (e.g., Herrerasaurus: PVSJ 407; Sanjuansaurus: PVSJ 605), but given 
the condition in Sauropodomorpha and Ornithoscelida, this now appears to be more likely a derived 
condition. In addition, the sister group to Dinosauria (or Dinosauria+Saltopus), Silesauridae, is largely 
composed of herbivores such as Silesaurus, Asilisaurus and Diodorus, adding further weight to this 
interpretation. However, it should be noted that the basal-most members of Silesauridae in the new 
topology, Lewisuchus/Pseudolagosuchus (Nesbitt et al. 2010; Bittencourt 2015) and Agnosphytis 
(Fraser et al. 2002) show anatomical features indicative of carnivory. New discoveries relating to this 
part of the dinosauromorph tree may shed further light on this issue, but within the new hypothesis 
omnivory seems to be the most likely feeding strategy of early dinosaurs.  
 
3.4.8 Origins of Feathers? The question of when feathers/feather-like structures originated in 
dinosaurs, and possibly their ancestors, may also find a new solution within this new evolutionary 
framework. The discovery of a complex integumentary covering in the ornithischian Kulindadromeus 
(Godefroit et al. 2014), as well as the presence of other branched integumentary structures in the 
heterodontosaurid Tianyulong (Zheng et al. 2009), has opened a debate on whether or not all dinosaurs 
may have been covered, at least in part, by these kinds of structures, including members of 
Sauropodomorpha. In this new hypothesis, should the feather-like integument seen in some members 
of Ornithischia and Theropoda actually be homologous, the origin of these features may then coincide 
with the origin of Ornithoscelida; there would be no evidence for, or reason to assume, the presence of 
such features in sauropodomorphs, saurischians, or any groups more basal to them, as has been 
discussed in previous hypotheses, nor would they be primitive for Dinosauria as a whole (see Barrett 
et al. 2015). 
 
3.5 Conclusions. This new hypothesis for dinosaur relationships and evolution, which recovers two 
new, major clades, reframes the debate about dinosaur origins. The timing and geographic setting of 
dinosaur evolution may also require reappraisal and this proposal raises numerous questions about the 
ancestral dinosaur body plan, the sequence of evolution of key anatomical features within the clade, 
and the timing of this radiation. This work provides a new framework for addressing fundamental 
questions regarding these important and iconic animals. 
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Table 3.2. Source(s) for anatomical, geographic and stratigraphic data used in the analyses of this study. 
Specimens that were observed first hand are listed in bold.    
 
Taxon Source(s) 
Aardonyx celestae Yates et al. 2010 
Abrictosaurus consors NHMUK PV RU B52; Sereno 2012 
Agilisaurus louderbacki ZDM 6011; Peng 1992; Barrett et al. 2005a 
Agnosphitys cromhallensis Fraser et al. 2002 
Antetonitrus ingenipes McPhee et al. 2014 
Asilisaurus kongwe Nesbitt et al. 2010 
Chindesaurus bryansmalli Nesbitt et al. 2007 
Coelophysis bauri AMNH 7223, 7224, 7239, 30576, 30614, 30615, 30631; CM 81765, 82932 
Coloradisaurus brevis PVL 3967, 5904; Apaldetti et al. 2013, 2014  
Cryolophosaurus ellioti Smith et al. 2007 
Dilophosaurus wetherilli Rowe and Gauthier 1990 
Diodorus scytobrachion Kammerer et al. 2012 
Dracoraptor hanigani Martill et al. 2016 
Dracovenator regenti BP/1/5243; Yates 2005 
Dromomeron gigas Martinez et al. 2015 
Dromomeron gregorii Nesbitt et al. 2009a 
Dromomeron romerii Irmis et al. 2007 
Efraasia minor Galton 1973; Yates 2003 
Emausaurus ernsti Haubold 1990 
Eocursor parvus SAM-PK-K8025; Butler 2010 
Eodromaeus murphi PVSJ 560-562; Martinez et al. 2011 
Eoraptor lunensis PVSJ 512; Sereno et al. 2013 
Eucoelophysis baldwini Sullivan and Lucas 1999; Nesbitt et al. 2007 
Euparkeria capensis Ewer 1965; Gower and Weber 1998 
Fruitadens haagarorum Butler et al. 2012 
Gongxianosaurus shibeiensis He et al. 1998 
Guaibasaurus candelariensis Bonaparte et al. 1999 
Herrerasaurus ischigualastensis PVL 2566; PVSJ 407; Novas 1994; Sereno 1994; Sereno and Novas 1994 
Heterodontosaurus tucki SAM-PK-K337, K1332; Norman et al. 2011; Sereno 2012; Galton 2014 
Hexinlusaurus multidens ZDM 6001-2; Barrett et al. 2005a 
Ignotosaurus fragilis Martinez et al. 2012 
Jeholosaurus shangyuanensis Multiple specimens – IVPP; Barrett and Han 2009; Han et al. 2012 
Lagerpeton chanarensis PVL 4619, PVL 4625; Sereno and Arcucci 1994a 
Laquintasaura venezuelae Multiple specimens – MBLUZ; Barrett et al. 2014 
Lesothosaurus diagnosticus Multiple specimens – NHMUK, SAM-PK; Porro et al. 2015; Barrett et al. 2016 
Lewisuchus/Pseudolagosuchus Bittencourt et al. 2015 
Leyesaurus marayensis PVSJ 706; Apaldetti et al. 2011 
Liliensternus liliensterni Rowe and Gauthier 1990 
Lophostropheus airelensis Ezcurra and Cuny 2007 
Lufengosaurus huenei IVPP V15; Young 1941; Barrett et al. 2005b 
Lutungutali sitwensis Peecook et al. 2013 
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Manidens condorensis Pol et al. 2011a 
Marasuchus lilloensis PVL 870-871; Sereno and Arcucci 1994b 
Massospondylus carinatus Multiple specimens - BP, NHMUK; Gow 1990; Barrett and Yates 2005 
Massospondylus kaalea SAM-PK-K1325; Barrett 2009 
Nyasasaurus parringtoni NHMUK PV R6856; Nesbitt et al. 2013 
Pampadromaeus barberenai Cabreira et al. 2011 
Panguraptor lufengensis You et al. 2014 
Panphagia protos PVSJ 874; Martinez and Alcober 2009; Martinez et al. 2012 
Pantydraco caducus NHMUK PV P24; Yates 2003 
Pisanosaurus mertii PVL 2577; Bonaparte 1976 
Plateosaurus engelhardti Yates 2003; Galton and Upchurch 2004 
Postosuchus kirkpatricki Chatterjee 1985 
Procompsognathus triassicus SMNS 12591; Sereno and Wild 1992 
Pulanesaura eocollum McPhee et al. 2015 
Riojasaurus incertus PVL 3808 
Sacisaurus agudoensis Ferigolo and Langer 2007 
Saltopus elginensis Benton and Walker 2011 
Sanjuansaurus gordilloi PVSJ 605; Alcober and Martinez 2010 
Sarcosaurus woodi NHMUK PV 4840/1 
Saturnalia tupiniquim Langer 2003; Langer and Benton 2006; Langer et al. 2007 
Scelidosaurus harrisonii NHMUK PV R1111, R6704; BRSMG CE12785; Norman et al. 2004 
Silesaurus opolensis ZPAL Ab III/361; Dzik 2003 
Sinosaurus triassicus Shaojin 1993; Xing et al. 2014 
Staurikosaurus pricei Galton 1977 
Syntarsus kayentakatae MCZ 9175; USNM 442404; Rowe 1989 
Tawa hallae AMNH 30881, 30886; Nesbitt et al. 2009b 
Tazoudasaurus naimi Allain et al. 2004 
Thecodontosaurus antiquus Benton et al. 2000 
Tianyulong confuciusi Zheng et al. 2009; Sereno 2012 
Unaysaurus tolentinoi UFSM 11069; Leal et al. 2004 
Vulcanodon karibaensis Cooper 1984 
Yunnanosaurus huangi NGMJ 004546; Young 1942 
Zupaysaurus rougieri Rowe and Gauthier 1990; Ezcurra 2007; Ezcurra and Novas 2007 
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Chapter 4 
A dinosaur missing-link? Chilesaurus and the early evolution of ornithischian dinosaurs 
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Abstract 
The enigmatic dinosaur taxon Chilesaurus diegosuarezi was originally described as a tetanuran 
theropod, but this species possesses a highly unusual combination of features that could provide 
evidence of alternative phylogenetic positions within the clade Dinosauria. In order to test the 
relationships of Chilesaurus I added it to a new dataset of early dinosaurs and other dinosauromorphs. 
The phylogenetic analyses recover Chilesaurus in a novel position, as the earliest diverging member 
of Ornithischia, rather than as a tetanuran theropod. The basal position of Chilesaurus within the latter 
clade and its suite of anatomical characters suggest that it could represent a ‘transitional’ taxon, 
bridging the morphological gap between Theropoda and Ornithischia, and thereby have the potential 
to offer insights into the earliest stages of ornithischian evolution, which were previously obscure. For 
example, the results of the analyses suggest that pubic retroversion occurred prior to some of the 
craniodental and postcranial modifications that previously diagnosed the clade (e.g., the presence of a 
predentary bone and ossified tendons). 
 
4.1 Introduction. Chilesaurus diegosuarezi was collected from the Late Jurassic (Tithonian; ~150 
Ma) Toqui Formation of Chile and possesses a bizarre suite of anatomical features that, if considered 
individually, are usually thought to characterise distantly related dinosaur clades (Novas et al. 2015). 
For example, Chilesaurus possesses features that appear ‘classically’ theropod-like, sauropodomorph-
like and ornithischian-like, including a dolichoiliac ilium, similarities in ankle structure, and a 
retroverted pubis, respectively (Novas et al. 2015). Given this melange of features, the authors who 
provided the original description of this taxon went to great lengths to determine its phylogenetic 
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affinities using a variety of existing phylogenetic datasets representing a range of dinosaur clades 
(Smith et al. 2008; Nesbitt et al 2009; Carrano et al. 2012; Otero & Pol 2013). Based upon their initial 
analyses, the authors concluded that this taxon is an unusual tetanuran theropod (Novas et al. 2015). 
This result implied that many of the features of Chilesaurus that are similar to those of ornithischians 
and sauropodomorphs were evolutionary convergences, which might have been related to the 
herbivorous diet that characterises the majority of these taxa (Novas et al. 2015). However, although 
the authors tested a number of alternative phylogenetic hypotheses, all of the datasets that they used 
were designed to test the interrelationships of either major clades within Archosauria or clades within 
Saurischia (Smith et al. 2008; Nesbitt et al 2009; Carrano et al. 2012; Otero & Pol 2013). As a 
consequence, the full range of possible phylogenetic positions for Chilesaurus in Dinosauria has not 
yet been tested. Anchoring the relationships of this taxon is critical to the development of a full 
understanding of the evolution of many major anatomical features, including those associated with 
herbivory, pelvic structure and locomotion.  
In Chapter 3, a new large-scale dataset was assembled to investigate the interrelationships of early 
dinosaurs and other dinosauromorphs; this now offers a tool for investigating dinosaur evolution and 
the relationships of problematic taxa. Unlike all previous datasets, it encompasses a broad range of 
taxa from each of the major dinosaurian clades. Here, I use this novel dataset to reassess the 
systematic position of Chilesaurus within Dinosauria, in order to test whether it is nested within 
Theropoda, as originally proposed, or if an alternative placement is more strongly supported.  
 
4.2 Methods. Character information on Chilesaurus was obtained from the original description 
(Novas et al. 2015) and added to the dataset presented in Chapter 3. This modified dataset contained 
76 taxa, each scored for 457 characters. It was analysed using TNT 1.5-beta (Goloboff et al. 2008). 
Trees were initially searched for using the New Technology Search function, with sectorial searches, 
with ratchet and drift set to their default settings (10 iterations and 10 cycles respectively), three 
rounds of tree fusing, and with 100 random additional sequences. A second analyses used a Driven 
Search until 100 hits of the minimum tree length was achieved 100 times. These most parsimonious 
trees (MPTs) were then subjected to a second round of TBR (Tree Bisection and Reconnection) 
branch swapping. Zero length branches in any of the recovered MPTs were collapsed. Bremer support 
values (decay indices) were also calculated using TNT 1.5-beta (Goloboff et al. 2008). Characters 24, 
39, 60, 68, 71, 72, 145, 167, 169, 174, 180, 197, 199, 206, 214, 215, 222, 251, 269, 272, 286, 289, 
303, 305, 307, 313, 322, 334, 338, 353, 360, 376, 378, 386, 393, 442 and 446 were treated as ordered, 
just as they were in the analyses in Chapter 3. 
In contrast to Chapter 3, the enigmatic British taxon Agnosphitys cromhallensis was scored on the 
basis of the holotype material only, in order to remove any potentially adverse effects on the analysis 
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that might result from the problematic nature of this taxon’s hypodigm (Fraser et al. 2002; Ezcurra 
2010). Constraint trees were produced in additional analyses that were conducted to force the 
inclusion of Chilesaurus within either a monophyletic Sauropodomorpha or Theropoda, as well as in a 
derived position within Theropoda. This was done to determine the tree lengths associated with these 
alternative topologies and to compare them with those obtained by the initial analyses. As in Chapter 
3, a Templeton test was conducted to test if any of these suboptimal trees were significantly different 
from the tree recovered in the original analysis. For the character list and character scores used in these 
analyses, see Appendices 2 (section 2.1) and 3 (section 3.1) respectively. 
 
4.3 Results. The first analysis recovered 73 MPTs of length 1819 steps (Figure 4.1) and the second, 
following an additional round of TBR branch swapping, recovered 494 MPTs of the same length (CI = 
0.3240 and RI = 0.6810). In both of these analyses, Chilesaurus is recovered as the earliest diverging 
member of Ornithischia. In the strict consensus tree of these MPTs, Chilesaurus falls stem-ward of all 
those taxa previously considered to represent the basal-most ornithischians, including the Late Triassic 
taxon Pisanosaurus mertii, which has long been regarded to be the first diverging ornithischian, and 
all heterodontosaurids (Butler et al. 2008; Nesbitt et al. 2009; Ezcurra 2010).  
 
 
Figure 4.1. Results of the phylogenetic analysis that recovers Chilesaurus (starred) as a member of Ornithischia. 
Numbers indicate the acquisition of key ornithischian synapomorphies within the clade: 1, retroversion of the 
pubis; 2, complete loss of recurvature in maxillary and dentary teeth; 3, predentary bone at the anterior end of the 
lower jaw. 
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Chilesaurus is united with ornithischians by the possession of the following features: a premaxilla 
with an edentulous anterior region (possibly for the support of a rhamphotheca); loss of recurvature in 
maxillary and dentary teeth; an anterior iliac process that is at least subequal in anteroposterior length 
to the posterior iliac process; a distinct brevis fossa that is not visible in lateral view, but is restricted to 
the ventral margin of the postacetabular process; a postacetabular process that is 25–35% of the total 
anteroposterior length of the ilium; possession of a retroverted pubis (opisthopubic pelvis); a pubis 
with a rod-like pubic shaft; a pubic symphysis that is restricted to the distal end of the pubis; a femur 
that is straightened in anterior view (no sigmoidal profile or medial bowing present); an anterior 
trochanter that extends almost as far proximally as the femoral head and is located near the lateral 
margin of the anterior face of the femur; and a fibula that is less than half of the width of the tibia in 
midshaft diameter.  
In addition to these characters, Chilesaurus diegosuarezi also possesses a broadened, wing-like 
anterior trochanter on the femur that is at least partially separated from the femoral shaft. These two 
character states (wing-like anterior trochanter; anterior trochanter at least partly separated from the 
shaft) have both been listed as ornithischian synapomorphies by previous studies [Langer & Benton 
2006; Butler et al. 2008; Ezcurra 2010; Nesbitt 2011]. However, these features also appear in some 
theropods and have been interpreted as possible synapomorphies of Ornithoscelida (see Chapter 3).      
Saltopus and Agnosphitys were found to be ‘wildcard’ taxa and these were removed from the strict 
consensus tree a posteriori, mirroring the analyses in Chapter 3. Following their removal, Bremer 
support values for each clade remained relatively low for many of the major clades (Dinosauria = 2; 
Saurischia = 1; Herrerasauridae = 4; Sauropodomorpha = 1; Ornithoscelida = 1; Ornithischia = 1; 
Theropoda = 2). However, removal of Pisanosaurus mertii, a taxon that has long frustrated attempts to 
understand early ornithischian evolution due to its poor presentation, controversial interpretation and 
its mixture of highly derived and primitive anatomical features, improves Bremer supports for many 
clades (Sauropodomorpha = 2; Ornithoscelida = 3; Ornithischia = 3 (with 
Heterodontosauridae+Genasauria >5).  
When Chilesaurus was constrained to fall within a monophyletic Theropoda, three additional steps 
were needed than in the original strict consensus tree; when forced in to a position among more 
derived in Theropoda (Tetanurae), as originally suggested (Novas et al. 2015), 10 additional steps 
were required. Finally, 13 additional steps were needed to force the inclusion of Chilesaurus into 
Sauropodomorpha.  
 
4.4 Discussion. The results of these analyses suggest strongly that Chilesaurus is not a tetanuran 
theropod, but a member of an early diverging and previously unknown lineage of ornithischian 
dinosaurs. This position for Chilesaurus provides an explanation for the many ornithischian-like 
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features present in this taxon that were previously interpreted as homoplasies. The recovery of 
Theropoda and Ornithischia as sister taxa that are united by many shared features also offers a partial 
explanation for the initial recovery of Chilesaurus within Theropoda, especially in those cases where 
the datasets used to explore its relationships did not include an adequate ornithischian sample (Smith 
et al. 2008; Nesbitt et al 2009; Carrano et al. 2012; Otero & Pol 2013). Features shared between 
ornithischians and theropods (but that are absent from sauropodomorphs), which had not previously 
been considered as synapomorphic, are present in Chilesaurus and offer further evidence in support of 
the ornithosceldian hypothesis laid out in Chapter 3.   
This new phylogeny highlights a unique combination of ‘primitive’ and ‘derived’ characters for 
Chilesaurus among ornithischian taxa and provides the first evidence for a ‘transitional’ ornithischian 
that illuminates the order in which traditional ornithischian synapomorphies were acquired. The 
combination of characters present in Chilesaurus offers new insights into the earliest stages of 
ornithischian evolution. For example, it is notable that Chilesaurus does not possess a predentary 
bone, one of the features previously regarded as a fundamental ornithischian feature, although it 
possesses a retroverted pubis, demonstrating that opisthopuby preceded the evolution of some 
craniodental modifications. Furthermore, an edentulous anterior region of the premaxilla, for the 
support of a rhamphotheca, as well as the loss of recurvature in most maxillary and dentary teeth also 
precede the appearance of the predentary. As the presence of a rhamphotheca and the loss of cheek 
tooth recurvature are both directly related to omnivory/herbivory (Barrett & Rayfield 2006), this 
suggests that the ornithischians were already adapted to an obligate omnivorous/low fibre herbivorous 
lifestyle prior to the acquisition of the predentary and that the appearance of this bone, which also 
bears a rhamphotheca, does not coincide with the onset of herbivory in this group. Opisthopuby has 
also been related to herbivory, as it has been suggested that pubic retroversion might be related to the 
evolution of a more complex, longer digestive tract. This would facilitate the processing of plant 
material while leaving the centre-of-mass unaffected in animals that were primitively bipedal (Norman 
& Weishampel 1991; Maidment & Barrett 2011). Pubic retroversion is also present in other 
herbivorous dinosaur clades, such as therizinosaurids and birds, but is restricted to Ornithoscelida. 
Sauropodomorphs did not acquire this feature, which may have condemned them to quadrupedality as 
any expansion of the gut anterior to the hips would have resulted in an anterior shift to the centre of 
mass. The epaxial ossified tendons in the vertebral column that are present in the majority of 
ornithischians also appear to have been absent in Chilesaurus; the evolution of this feature may also 
have been related to a combination of diet and stance (by providing the additional axial support 
required for a larger digestive system) and its absence in Chilesaurus further highlights the potentially 
transitional nature of this taxon from the ancestral dinosaurian condition to the more familiar 
ornithischian bauplan.  
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4.5 Conclusions. This study identifies Chilesaurus as a key transitional ornithischian taxon and 
suggests that the unique suite of anatomical features that it possess could be informative not only in 
unravelling dinosaur interrelationships, but also in shedding light on the evolution of the anatomical 
peculiarities of ornithischians in particular. Paradoxically, this early diverging lineage is of Late 
Jurassic age, implying an extensive ghost-lineage between it and other ornithischians and basal 
theropods. If this hypothesis is correct, this ghost lineage suggests that other similar animals await 
discovery in Late Triassic or Early Jurassic deposits.  
This study highlights the importance of broad taxon sampling when attempting to assess the 
phylogenetic affinities of enigmatic taxa such as Chilesaurus and also demonstrates the utility of this 
new early dinosaur dataset for testing the relationships proposed for other problematic 
dinosauromorph taxa. 
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Chapter 5 
 
A re-evaluation of the enigmatic dinosauriform Caseosaurus crosbyensis from the Late Triassic 
of Texas and its implications for early dinosaur evolution and interrelationships 
 
Additional Information 
This chapter has been reformatted in to a manuscript which has been submitted to the journal Acta 
Palaeontologica Polonica for peer review. The manuscript was submitted on March 18th 2017 and was 
accepted for publication on October 3rd 2017. As of October 20th 2017, this paper is still in press. The 
co-author of the manuscript version of this chapter is Megan E. Williams 
Author Contributions: MGB and MEW designed the experiment. MGB built the dataset, ran the 
analyses and wrote the manuscript and produced Figures 1-5 and 7. MEW reviewed the manuscript, 
designed and produced Figure 5.6 and contributed to the discussion and conclusions.   
 
Abstract 
 
The holotype specimen of the Late Triassic dinosauriform Caseosaurus crosbyensis is re-described 
and evaluated phylogenetically for the first time. Historically, C. crosbyensis has been considered to 
represent an early saurischian dinosaur, and often an herrerasaur. More recent work on Triassic 
dinosaurs has cast doubt over its supposed dinosaurian affinities and uncertainty about particular 
features in the holotype and only known specimen has led to the species being regarded as a 
dinosauriform of indeterminate position. Here, I present a new diagnosis for C. crosbyensis and refer 
additional material to the taxon – a partial right ilium from Snyder Quarry. Anatomical comparisons 
and phylogenetic analyses suggest that C. crosbyensis belongs in a clade with herrerasaurs and that 
this clade is the sister taxon of Dinosauria, rather than positioned within it. This result, along with 
other recent analyses of early dinosaurs, pulls apart what remains of the ‘traditional’ group of 
dinosaurs collectively termed saurischians into a polyphyletic assemblage and implies that Dinosauria 
should be regarded as composed exclusively of Ornithoscelida (Ornithischia + Theropoda) and 
Sauropodomorpha. In addition, this analysis recovers the enigmatic European taxon Saltopus 
elginensis among herrerasaurs for the first time. This result suggests a greater body-size range for 
herrerasaurs than previously thought and provides further evidence for their presence in Europe during 
the Late Triassic. If this hypothesis is correct then this clade of herrerasaurs also represents the first 
clade of non-dinosaurian dinosauromorphs known to contain large-bodied carnivorous species. The 
results of the analyses also highlight the distinction between the clades Herrerasauridae and 
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Herrerasauria, as they are currently defined, and necessitate a provisional revival of the latter until 
future works can better resolve the relationships among these important early taxa. 
 
5.1 Introduction. The Late Triassic formations of North America have yielded numerous 
dinosauromorph specimens, including various dinosaurs (Chatterjee 1984; Sullivan & Lucas 1999; 
Irmis et al. 2007a, b; Nesbitt et al. 2009a; Sarıgül 2016). The Dockum Group and the Chinle 
Formation have both yielded silesaurids, as well as other non-dinosaurian dinosauromorphs (Irmis et 
al. 2007a, b; Nesbitt Irmis & Parker 2007; Sarıgül 2016). The Petrified Forest Member of the Chinle 
Formation of New Mexico and the Colorado City Formation of the Dockum Group of Texas have both 
produced specimens of the non-dinosaurian dinosauromorph Dromomeron (Irmis et al. 2007a; Nesbitt 
et al. 2009a). Additionally, the Petrified Forest Member of the Chinle Formation has produced 
specimens of the theropod dinosaur Coelophysis and the saurischian Chindesaurus bryansmalli that, 
along with other taxa such as Eucoelophysis baldwini, Technosaurus smalli and the controversial 
taxon Protoavis texensis, forms part of the rich dinosauromorph fauna of Late Triassic North America 
(Cope 1889; Chatterjee 1984, 1991; Long & Murry 1995; Sullivan & Lucas 1999; Nesbitt, Irmis & 
Parker 2007; Sarıgül 2016). Recently Sarıgül (2016) gave a detailed account of the fossil localities and 
general geological settings of the Dockum Group and other areas of palaeontological interest in the 
southwestern portion of North America (e.g., the Bull Canyon Formation, ‘siltstone member’, etc.), so 
I do not repeat that information here. However, it is worth noting that a variety of dinosauromorph 
forms inhabited this expansive, series of ancient river systems during this important stage in dinosaur 
and dinosauromorph evolution, with dinosaurs and non-dinosaurian dinosauromorphs clearly co-
existing (Nesbitt, Irmis & Parker 2007; Nesbitt 2011; Sarıgül 2016). Understanding the faunal 
composition of this spatiotemporal setting, the taxic diversity and disparity that is represented in this 
part of the fossil record, and what this can tell us about the Late Triassic world, are all important 
factors for gaining a better understanding of the early evolution of dinosaurs and dinosauromorphs, 
particularly with regard to the eventual rise in prominence of Dinosauria following this transitional 
period.       
 
Caseosaurus crosbyensis is known from a single, almost complete right ilium (UMMP 8870: Figure 
5.1), which was recovered from the Tecovas Member (?upper Carnian) of the Dockum Group (Hunt et 
al. 1998; Nesbitt, Irmis & Parker 2007). The exact affinities of Caseosaurus crosbyensis have been the 
source of much debate, with numerous studies proposing different positions in the dinosauromorph 
tree for these partial remains (Case 1927; Long & Murry 1995; Hunt et al. 1998; Nesbitt, Irmis & 
Parker 2007; Ezcurra 2010). Initially, Case (1927) regarded the holotype material as referable to 
Coelophysis sp.; this initial assignment to Theropoda started a trend that continued to classify C. 
crosbyensis as a saurischian dinosaur. This trend was followed by many subsequent studies (Long & 
Murry 1995; Hunt et al. 1998; Nesbitt, Irmis & Parker 2007; Ezcurra 2010), but has never been tested 
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using modern phylogenetic methods. After Case (1927), other studies initially removed UMMP 8870 
from Coelophysis or placed it within the hypodigm of Chindesaurus bryansmalli (Long & Murry 
1995) but, eventually, it was referred to a new genus and species, Caseosaurus crosbyensis (Hunt et al. 
1998). Long & Murry (1995) were the first to suggest a close relationship between this specimen and 
the South American saurischian dinosaur Herrerasaurus ischigualastensis and this idea was restated 
by Hunt et al. (1998). However, despite the conclusions of Hunt et al. (1998), Langer (2004) listed 
UMMP 8870 as a specimen of Chindesaurus bryansmalli in his discussion of basal saurischians, 
following Long & Murry (1995). Nesbitt, Irmis & Parker (2007) reassessed the material as part of a 
broader study of Late Triassic dinosaurs from North America and concluded that Caseosaurus 
crosbyensis should provisionally be considered as a valid taxon, distinct from Chindesaurus, based 
upon the fact that the specimens of each taxon are too incomplete to allow formal synonymisation. 
Nesbitt, Irmis & Parker (2007) also stated that Caseosaurus could not be assigned unambiguously to 
either Herrerasauridae or Dinosauria, due to the incomplete nature of the holotype specimen. Nesbitt, 
Irmis & Parker (2007) cited the partially open acetabulum as evidence that Caseosaurus belongs to 
Dinosauriformes but provided no further systematic discrimination. As a result, Caseosaurus 
crosbyensis is currently regarded as an indeterminate dinosauriform (Nesbitt, Irmis and Parker 2007). 
In the same study, the overall similarity between the holotype of Caseosaurus crosbyensis (UMMP 
8870) and a partial ilium from the Snyder Quarry in New Mexico (NMMNH P-35995) was also 
highlighted (Nesbitt, Irmis & Parker 2007). NMMNH P-35995 was originally assigned to 
Eucoelophysis sp. by Heckert et al. (2000, 2003), prior to the referral of Eucoelophysis to Silesauridae 
(Ezcurra 2006; Nesbitt, Irmis & Parker 2007; Nesbitt 2011), but has received little attention in the 
literature since. Due to the lack of evidence for a fully perforate acetabulum in this specimen, Nesbitt, 
Irmis & Parker (2007) concluded that NMMNH P-35995 could not be referred to Dinosauria, but only 
to Dinosauriformes. Despite the remarkable similarity between these two specimens, Nesbitt, Irmis & 
Parker (2007) did not refer the ilium from Snyder Quarry to C. crosbyensis due to a lack of 
synapomorphies between it and the holotype of C. crosbyensis. Neither specimen was assessed 
phylogenetically in the study of Nesbitt, Irmis & Parker (2007), nor were they included in the analyses 
of Ezcurra (2010), Nesbitt et al. (2010), Nesbitt (2011), Novas et al. (2011) or Martinez et al. (2013). 
Hence, the phylogenetic affinities of neither UMMP 8870 nor NMMNH P-35995 have ever been 
assessed using a numerical phylogenetic analysis and both specimens currently require further 
evaluation if their true positions within Dinosauriformes are to be better constrained. Given the high 
level of disagreement surrounding Caseosaurus crosbyensis and its position within Dinosauromorpha, 
as well as the position of the important dinosauromorph clade Herrerasauridae (Novas et al. 2011; 
Sues et al. 2011; Bittencourt et al. 2015), with which Caseosaurus crosbyensis has previously been 
linked (Long & Murry 1995; Hunt et al. 1998), a thorough re-evaluation of this material seems 
necessary to help clarify some of the uncertainty around the base of the dinosaurian tree and to 
increase our understanding of the Late Triassic dinosauromorph fauna of western North America 
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(Nesbitt, Irmis & Parker 2007; Sarıgül 2016). 
 
In Chapter 3 I presented the largest and most comprehensive early dinosaur dataset that has been 
assembled to date. This dataset offers a new way to assess the phylogenetic affinities of enigmatic 
dinosauriform taxa such as Caseosaurus crosbyensis, and what it can tell us about the base of the 
dinosaurian lineage, and is used for this purpose in this study.  
 
 
 
 
Figure 5.1. Holotype of Caseosaurus crosbyensis (UMMP 8870). In (A), lateral and (B), medial views. brfs, 
brevis fossa; lngr, longitudinal ridge; mw, medioventral acetabular wall; rdg, ridge/buttress; rug., rugosity; sac, 
supra-acetabular crest. Scale bar = 2cm 
 
 
5.2 Material & Methods. UMMP 8870 (Figures 5.1, 5.2) is a single, fairly complete right ilium, 
which is only missing a small portion of the dorsal blade and part of the medioventral wall of the 
acetabulum. NMMNH P-35995 (Figure 5.3) is a partial right ilium, which lacks the postacetabular 
process, part of the medioventral acetabular wall (although it preserves more of its medioventral wall 
than in UMMP 8870) and a large portion of the dorsal blade (Heckert et al. 2000, 2003; Nesbitt, Irmis 
& Parker 2007). 
 
For the phylogenetic analyses, the holotype specimen of Caseosaurus crosbyensis and 
NMMNH P-35995 were added to the dataset of Chapter 3, along with several additional 
saurischian and theropod taxa, The Triassic sauropodomorphs Chromogisaurus novasi and 
Buriolestes shultzi, the Triassic theropods Daemonosaurus chauliodus and Lepidus praecisio 
and the Early Jurassic theropod Segisaurus halli were added in order to broaden the range of 
sampled taxa that would traditionally be regarded as ‘early saurischians’.   
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Dimorphodon macronyx was included as an additional outgroup taxon, following its use in 
Chapter 3; Figure 3.4. 
 
 
Figure 5.2. Stereopair of the holotype of Caseosaurus crosbyensis (UMMP 8870). Right ilium lateral view. 
Image credit: University of Michigan Museum of Paleontology - Adam Rountrey. Scale bar = 5cm 
 
 
Figure 5.3. Ilium from Synder Quarry (NMMNH P-35995). In (A), lateral and (B), medial views. mw, 
medioventral acetabular wall; rdg, ridge/buttress; rug., rugosity; sac, supra-acetabular crest. Scale bar = 1cm 
 
The other difference between the treatment of operational taxonomic units (OTUs) in this study and 
Chapter 3 is the scoring of Agnosphitys cromhallensis. In Chapter 3, the whole of the hypodigm of 
Agnosphitys cromhallensis was considered when scoring this taxon, and it was recovered as a member 
of Silesauridae. However, the combination of anatomical characters presented by the various elements 
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of the hypodigm of A. cromhallensis is unusual and a revision of this material is needed. This analysis, 
as in the analysis of Chapter 4, considers only the holotype specimen of A. cromhallensis, VMNH 
1745 – a left ilium (Fraser et al 2002); A. cromhallensis was treated in the same way by Ezcurra 
(2010). Additional information on the anatomy of Guaibasaurus candelaeriensis was also added, 
based upon the observations made by Langer et al. (2011).  
A total of 82 taxa were scored for 457 characters. Characters 24, 39, 60, 68, 71, 145, 167, 169, 174, 
180, 197, 199, 206, 214, 215, 222, 251, 269, 272, 286, 289, 303, 305, 307, 313, 322, 334, 338, 353, 
360, 376, 378, 387, 393, 442, 446 were treated as ordered, just as in Chapters 3 and 4.  
Both Caseosaurus crosbyensis (UMMP 8870) and NMMNH P-35995 were scored as separate OTUs, 
from information taken from the literature (Hunt et al. 1998; Nesbitt, Irmis & Parker 2007; Ezcurra, 
2010), a number of unpublished photographs and a three-dimensional digital model of UMMP 8870. 
Lewisuchus admixtus and Pseudolagosuchus major were scored together as a single OTU, following 
Nesbitt et al. (2010), Nesbitt (2011), Kammerer et al. (2012), Martinez et al. (2013), Peecook et al. 
(2013).  
 
All phylogenetic analyses were carried out using TNT 1.5-beta (Goloboff et al. 2008) using the New 
Technology Search Function, using sectorial searches, with ratchet and drift set to their default values 
(10 iterations and 10 cycles respectively), three rounds of tree fusing, and with 100 random additional 
sequences. Further analyses were carried out using a Driven Search that found the minimum tree 
length 100 times before subjecting the recovered MPTs to a second round of TBR branch swapping. 
Bremer Support values (decay indices) were also calculated using TNT 1.5-beta (Goloboff et al. 
2008). As in Chapters 3 and 4, Euparkeria capensis was set as the outgroup taxon. For the character 
list and character scores used in these analyses, see Appendices 2 (section 2.1) and 3 (section 
3.1) respectively 
 
5.3 Results. The results of the phylogenetic analyses place both the holotype of Caseosaurus 
crosbyensis (UMMP 8870) and the Snyder Quarry specimen (NMMNH P-35995) within a clade of 
herrerasaurs. With the holotype of Caseosaurus crosbyensis and NMMNH P-35995 included in the 
dataset Chapter 3, 85 most parsimonious trees (MPTs) were produced, each of length 1764 steps (CI = 
0.2974 and RI = 0.6771). A strict consensus of these MPTs recovers the holotype of Caseosaurus 
crosbyensis and NMMNH P-35995 in a polytomy with all currently recognised members of the clade 
Herrerasauridae (i.e., Herrerasaurus ischigualastensis, Chindesaurus bryansmalli, Sanjuansaurus 
gordilloi and Staurikosaurus pricei) as well as the enigmatic taxon Saltopus elginensis. As the 
interrelationships within this clade cannot be yet be resolved to a sufficiently high degree, we must 
refer to this group of animals as Herrerasauria, as defined by Langer (2004) and Langer et al. (2010) 
i.e., all dinosaurs that share a more recent common ancestor with Herrerasaurus than with 
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Liliensternus and Plateosaurus (see Discussion). This clade is then recovered as the sister-taxon to 
Dinosauria, as redefined in Chapter 3 (Figure 5.4). This would make C. crosbyensis and NMMNH P-
35995, as well as all other herrerasaurs, non-dinosaurian dinosauromorphs. Silesauridae is recovered 
as the sister-taxon to the clade containing dinosaurs and herrerasaurs.  
 
 
 
Figure 5.4. Strict consensus and reduced strict consensus trees. (A), Strict consensus tree produced from 85 
MPTs, each of length 1764 steps; (B), Reduced strict consensus tree produced from 91 MPTs, each of length 
1764, following the removal of the possible chimaera Agnosphitys cromhallensis. For Bremer support values 
calculated in this analysis for each of the major nodes, see Table 5.1.  
 
Within Dinosauria, the clades Ornithoscelida and Sauropodomorpha are recovered in a polytomy with 
Agnosphitys cromhallensis, Buriolestes schultzi, Chromogisaurus novasi, Guaibasaurus 
candelariensis, Pampadromaeus barberenai, Panphagia protos and Saturnalia tupiniquim. Following 
the removal of Agnosphitys cromhallensis as a ‘wild-card’ taxon, all of the aforementioned taxa are 
recovered within Sauropodomorpha in the reduced strict consensus; Sauropodomorpha and 
Ornithoscelida become the only constituent taxa of Dinosauria. As was also recovered in the analysis 
of Cabreira et al. (2016), Buriolestes schultzi is found to be the earliest diverging member of 
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Sauropodomorpha in the reduced strict consensus tree. Sister to Buriolestes schultzi is a clade 
containing all other sampled sauropodomorphs and this clade is sub-divided into Guaibasauridae and a 
clade containing Plateosauria, Pampadromaeus barberenai, Pantydraco caducus, Thecodontosaurus 
antiquus and Efraasia minor (Figure 5.4). In both the strict consensus tree (Figure 5.4A) and the 
reduced strict consensus tree (Figure 5.4B), Theropoda forms the sister-taxon to Ornithischia, as part 
of the monophyletic Ornithoscelida, as was first recovered Chapter 3. Theropoda contains a clade of 
neotheropods in a large polytomy, which includes the newly added taxa Lepidus praecisio and 
Segisaurus halli. This clade (Neotheropoda) is in a polytomy with Daemonosaurus chauliodus, 
Eodromaeus murphi and Tawa hallae. Stem-ward of this polytomy is Eoraptor lunensis, which is 
recovered as the earliest diverging member of Theropoda, as in Chapter 3. In both consensus trees, 
Ornithischia is composed of Heterodontosauridae, Genasauria, Eocursor parvus and Pisanosaurus 
mertii, the latter being recovered as the basal-most member of the clade. The reduced strict consensus 
tree was produced from 91 MPTs, each of length 1764 steps (CI = 0.2914 and RI = 0.6800).   
 
Bremer supports were calculated with and without the inclusion of Saltopus elginensis and 
Agnosphitys cromhallensis, following Chapter 3.  
 
 
 
Systematic Palaeontology 
 
Archosauria Cope, 1869 
Dinosauromorpha Benton, 1984 
Dinosauriformes Novas, 1992 
Herrerasauria Galton, 1985 
 
Caseosaurus crosbyensis Hunt, Lucas, Heckert, Sullivan, and Lockley 1998 
 
Age. ?Late Carnian, Late Triassic (Nesbitt, Irmis & Parker 2007) 
 
Occurrence. Tecovas Formation, Dockum Group, Crosby County, Texas, USA; Snyder Quarry, 
Petrified Forest Member, Chinle Formation, Rio Arriba County, New Mexico, USA. 
 
Holotype. UMMP 8870, a partial right ilium. 
 
Referred Specimens. NMMNH P-35995, a partial right ilium. 
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Revised Diagnosis. Caseosaurus crosbyensis represents a valid taxon and a member of the clade 
Herrerasauria, based upon the possession of three synapomorphies: a postacetabular process that is 
25–35% of the total length of the length of the iliac blade and a supra-acetabular crest that extends 
down part of pubic peduncle as a ridge without reaching the distal end*; possession of extensive 
rugosities on the pre- and postacetabular processes* (also in silesaurids). In addition to these features, 
Caseosaurus crosbyensis possesses a number of other features that can be observed in all other 
herrerasaurs (where assessable), including a preacetabular process of the ilium that expands 
mediolaterally towards its distal end* (also in silesaurids); absence of a brevis fossa. Furthermore, 
Caseosaurus crosbyensis and NMMNH P-35995 possess an ischiadic peduncle that is less ventrally 
extensive than the pubic peduncle, a condition that is also present in Herrerasaurus ischigualastensis 
and Staurikosaurus pricei. Caseosaurus crosbyensis can be distinguished from Herrerasaurus 
ischigualastensis and Staurikosaurus pricei by possessing a preacetabular process that is more than 
twice as long as it is deep*; having a sharp, distinct anterodorsal ridge that runs from the middle of the 
supraacetabular crest to the preacetabular process*; and the absence of an acetabular antitrochanter 
(which also distinguishes Caseosaurus crosbyensis from Chindesaurus bryansmalli). Caseosaurus 
crosbyensis can be further distinguished from Staurikosaurus pricei as it possesses a preacetabular 
iliac process that is much shorter than the postacetabular process of the ilium (also present in 
Herrerasaurus ischigualastensis). Further to these distinguishing features, Caseosaurus crosbyensis 
appears to differ from other herrerasaurs in a several other respects. For example, while Caseosaurus 
crosbyensis possesses rugose areas on the dorsal and lateral portions of the pre- and postacetabular 
processes, these areas are less extensive than they are in Herrerasaurus ischigualastensis and 
Staurikosaurus pricei (Figure 5.5). Furthermore, the supracetabular crest of Caseosaurus crosbyensis 
describes a semicircle in lateral view*, differing from the condition in Herrerasaurus ischigualastensis 
and Staurikosaurus pricei, in which the supraacetabular crest is not semicircular but instead forms a 
straighter, anteroventrally oriented lip over the main body of the acetabulum (Figure 5.5). For the 
anatomical features listed above, (*) represents those that are present in both the holotype and the 
referred specimen of Caseosaurus crosbyensis.  
 
Remarks. NMMNH P-35995 is referable to Caseosaurus crosbyensis on the basis of shared features 
that are unique to UMMP 8870 and NMMNH P-35995 among members of Herrerasauria: the 
possession of a preacetabular process that is more than twice as long as it is deep; possession of a 
sharp and distinct anterodorsal ridge that runs from the middle of the supraacetabular crest to the 
preacetabular process of the ilium (also present in some members of Silesauridae); a supra-acetabular 
crest that describes a semicircle in lateral view, rather than a straighter, anteroventrally oriented lip. 
UMMP 8870 and NMMNH P-35995 can be distinguished from all other dinosauriform taxa in a 
number of ways, which are outlined in more detail below.      
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5.4 Description and Comparisons. The holotype specimen is missing only the middle portions of the 
dorsal margin, as well as a small portion of the middle section of the iliac body that lies immediately 
above the supra-acetabular rim. Further to this, judging by the shape of the nature of the preserved 
ventral margin of the ilium, around the acetabulum, a portion of a medioventral acetabular wall that 
would partially close the acetabulum is also incomplete. Towards its dorsal margin, UMMP 8870 bears 
rugose areas on the lateral and dorsal surfaces of the pre- and postacetabular processes. This is similar 
to the condition seen in Herrerasaurus ischigulastensis (PVL 2566) and Staurikosaurus pricei (Galton, 
1977; Delcourt et al. 2012).  However, these rugosities, while still quite extensive in Caseosaurus, 
appear to cover relatively smaller portions of the lateral and dorsal faces of the pre- and postacetabular 
processes than they do in Herrerasaurus ischigulastensis, a taxon in which the rugosities form large, 
bulbous areas on the majority of both the lateral and dorsal surfaces of the pre- and postacetabular 
processes. In H. ischigualastensis, these rugosities are so pronounced that they form the dominant 
anatomical feature of the dorsal part of the ilium, partly obscuring other features, such as the brevis 
shelf (Figure 5.5). Some early sauropodomorph taxa such as Saturnalia tupiniquim and 
Chromogisaurus novasi also possess a rugose area on the postacetabular process of the ilium, but in 
these taxa the rugose area is restricted to a small trapezoidal area near the posterior margin of the 
postacetabular process (Ezcurra, 2010: Figure 5.17)  
 
The preacetabular process of UMMP 8870 appears to extend from the main body of the ilium as an 
anterodorsally oriented projection. The preacetabular process is mediolaterally and dorsoventrally 
expanded at its distal end, similar to the condition seen in Herrerasaurus ischigualastensis (PVL 2566) 
and Staurikosaurus pricei (Galton, 1977; Delcourt et al. 2012). This condition is also similar to that in 
several silesaurid taxa, such as Silesaurus opolensis (ZPAL Ab III/361; Dzik 2003; Peecook et al. 
2013) and Ignotosaurus fragilis (Martinez et al. 2013). This differs from the condition in other 
Figure 5.5 Ilium of Herrerasaurus 
ischigualastensis (PVL 2566). brvr, brevis 
ridge/brevis shelf; ip, ischiadic peduncle; mw, 
medioventral acetabular wall; rdg, 
ridge/buttress; rug., rugosity; poap, 
postacetabular process; pp, pubic peduncle; 
prap, preacetabular process; sac, supra-
acetabular crest. Scale bar = 30mm. 
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dinosaurian taxa. For example, in sauropodomorphs, such as Efraasia minor, the preacetabular process 
is not expanded mediolaterally or dorsoventrally, but instead takes the form of a short, relatively flat 
and unexpanded triangular projection (Galton, 1973; Yates, 2003a; Delcourt et al. 2012). In early 
ornithischians the preacetabular process is elongate and strap-like and lacks the expansion at its distal 
end, for example the preacetabular process of Lesothosaurus diagnosticus (NHMUK PV RU B17; see 
Chapter 2). In theropod taxa, such as Coelophysis bauri, the preacetabular process is anteriorly 
oriented, dorsoventrally deep and square in lateral view, but relatively unexpanded mediolaterally 
(AMNH 7223, 7224). The lateral face of the preacetabular process in Caseosaurus crosbyensis also 
bears an oval-shaped rugose area, similar to that seen in some silesaurids, such as Silesaurus opolensis 
(ZPAL Ab III/361; Dzik 2003) and Lutungutali sitwensis (Peecook et al. 2013); this rugose area does 
not extend far onto the dorsal surface in Caseosaurus crosbyensis and silesaurids, contrasting with the 
condition in Herrerasaurus ischigualastensis, in which the rugose area on the preacetabular process is 
more extensive and covers a larger portion of the dorsal surface. The condition in Staurikosaurus 
pricei appears to be somewhere between the conditions seen in Caseosaurus crosbyensis and 
Herrerasaurus ischigualastensis, in that in Staurikosaurus pricei the rugose area appears to extend 
some of the way on to the dorsal portion of the preacetabular process, but not as far as the same rugose 
area does in Herrerasaurus ischigualastensis (Galton, 1977; Delcourt et al. 2012). 
 
The postacetabular process of the holotype of Caseosaurus crosbyensis also bears rugosities on its 
lateral and dorsal surfaces (Figures 5.1, 5.2, 5.6). These rugose areas in C. crosbyensis are similar to 
those that are seen in Herrerasaurus ischigualastensis (PVL 2566) but are less extensive in the former 
(Figure 5.5). Similar rugose areas also appear in some silesaurids (Figure 5.6); Silesaurus opolensis 
(ZPAL Ab III/361; Dzik 2003), Lutungutali sitwensis (Peecook et al. 2013) and Ignotosaurus fragilis 
(Martinez et al. 2013) all have rugose areas on the dorsal and lateral surfaces of postacetabular 
process. Again, Staurikosaurus pricei has a condition that appears to be somewhere between 
Caseosaurus crosbyensis and Herrerasaurus ischigualastensis in terms of overall extent (Delcourt et 
al. 2012). Such dorsally and laterally located rugose areas are not seen in early sauropodomorphs (e.g., 
Panphagia; PVSJ 874), theropods (e.g., Coelophysis bauri: AMNH 7223, 7224; Cope, 1887; Colbert, 
1989) or ornithischians (e.g., Lesothosaurus diagnosticus; NHMUK PV RU B17). Ventrally, the 
postacetabular process of the holotype of Caseosaurus crosbyensis bears a small excavation or fossa, 
and this feature was considered to be the brevis fossa by Hunt et al. (1998). However, Nesbitt, Irmis & 
Parker (2007) did not consider this fossa to be homologous to the brevis fossa present in a number of 
other dinosaurian and silesaurid taxa; these authors argued that because the fossa present in the 
holotype of Caseosaurus crosbyensis is not associated with a distinct ridge it does not meet the criteria 
given in their definition of a true brevis fossa, nor the definition given by Novas (1992). This study 
agrees with the observations of Nesbitt, Irmis & Parker (2007) and does not consider the fossa in 
Caseosaurus crosbyensis to represent a true brevis fossa. In the phylogenetic analyses, I do not score 
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Caseosaurus crosbyensis as possessing a brevis fossa that is homologous to those seen are seen in a 
range of other dinosauriform taxa. The fossa in question is shallow and can be seen in lateral view and 
lies directly ventral to a slight, rounded, anteroposteriorly extending swelling on the lateral face of the 
postacetabular process (Figure 5.1). The rugose areas are located dorsal to this swelling in 
Caseosaurus crosbyensis (Figure 5.1), which distinguishes them from those present on the 
postacetabular processes of Saturnalia tupiniquim and Chromogisaurus novasi, which are ventrally 
located scars associated with muscle origins (Langer, 2003; Ezcurra, 2010). The shape of the distal end 
of the postacetabular process of Caseosaurus crosbyensis is also different from that in 
sauropodomorph taxa like Saturnalia tupiniquim and Chromogisaurus novasi. In C. crosbyensis the 
postacetabular process is rounded to square in lateral and medial views, with slightly greater posterior 
extension occurring ventrally than dorsally, whereas in Saturnalia tupiniquim, Chromogisaurus novasi 
and Panphagia protos (PVSJ 874), the postacetabular process is more trapezoidal (Langer, 2003; 
Ezcurra, 2010). In herrerasaurids, such as Herrerasaurus ischigualastensis (PVL 2566) and 
Staurikosaurus pricei (Galton, 1977; Delcourt et al. 2012), the postacetabular process is also rounded 
to square in lateral and medial views, which is more similar to the condition in C. crosbyensis. In Tawa 
hallae (GR 155; Nesbitt et al. 2009b) the postacetabular process is also rounded to square, but with 
even greater posterior extension occurring ventrally. Also in Tawa hallae (GR 155; Nesbitt et al. 
2009b), the lateral face of the postacetabular process is dominated by a distinct anteroposteriorly 
oriented ridge. In other theropods, such as Coelophysis bauri (AMNH 7223, 7224; Cope, 1887; 
Colbert, 1989), the greater posterior expansion occurs dorsally rather than ventrally, a reverse of the 
condition in seen in Caseosaurus crosbyensis, herrerasaurids and Tawa hallae; in all other respects the 
morphology of the postacetabular process in early theropods is similarly round to square-ended. On its 
medial side, the postacetabular process bears a large longitudinal ridge in C. crosbyensis (Figure 5.1). 
 
 
 
 
Figure 5.6. Comparison of the ilia of Caseosaurus crosbyensis, NMMNH P-35995 and Silesaurus opolensis 
showing locations of rugosities and lateral ridge/buttress. (A), Right ilium of Caseosaurus crosbyensis (UMMP 
8870) in lateral view; (B), Right ilium of NMMNH P-35995 in lateral view; (C), Left ilium of Silesaurus 
opolensis (ZPAL AbIII404/1) in lateral view (reversed). light grey = heavily rugosed areas; dark grey = lateral 
139 
 
ridge/buttress and supra-acetabular crest. 
 
The supra-acetabular crest appears to projects laterally from the iliac body in Caseosaurus 
crosbyensis, although it is broken distally. In lateral aspect the crest describes a smooth semicircle 
before continuing as a faint ridge down part of the pubic peduncle. The semicircular nature of the 
supraacetabular crest contrasts with the condition seen in Herrerasaurus ischigualastensis and early 
sauropodomorphs, such as Saturnalia tupiniquim and Chromogisaurus novasi, in which the supra-
acetabular crest follows a less curved line along the lateral surface of the ilium and slopes more 
anteroventrally towards the pubic peduncle (Langer, 2003; Ezcurra, 2010). The condition in another 
herrerasaurid taxon, Staurikosaurus pricei, appears more similar to that of Caseosaurus crosbyensis, 
i.e., a smoother semicircular crest. Outside of Herrerasauria the nature of the supra-acetabular crest has 
a complex distribution. While some silesaurids possess a smooth semicircular crest, such as Silesaurus 
opolensis (ZPAL AbIII404/1; Peecook et al. 2013) and Asilisaurus kongwe (Peecook et al. 2013), 
others do not, as for example Lutungutali sitwensis has a straighter, sloped supra-acetabular crest 
(Peecook et al. 2013). Extending anterodorsally from the midpoint of the supra-acetabular crest in C. 
crosbyensis is a distinct, sharp crest, which extends up to the distal, bulb-like tip of the preacetabular 
process (Figure 5.1, 5.2). This sharp crest, or ridge, is delineated on both sides by concave surfaces 
and distally it merges into the oval-shaped rugose area of the preacetabular process. This is like the 
condition seen in many silesaurids, such as Silesaurus opolensis, Asilisaurus kongwe, Sacisaurus 
agudoensis, Lutungutali sitwensis and Ignotosaurus fragilis (Dzik 2003; Ferigolo & Langer 2007; 
Nesbitt et al. 2010; Martinez et al. 2013; Peecook et al. 2013) (Figure 5.6). In Herrerasaurus 
ischigualastensis and Staurikosaurus pricei there is a lower, more rounded and less distinct 
anterodorsally oriented swelling that extends from the same point on the supra-acetabular crest as the 
distinct, sharp ridge in C. crosbyensis does. In these herrerasaurid taxa, there is less of a distinction 
between this low crest and the rest of the lateral surface of the ilium. Similar, low crests also appear in 
some early sauropodomorphs, such as Saturnalia tupiniquim (Langer, 2003), in ornithischians, such as 
Lesothosaurus diagnosticus (NHMUK PV RU B17), and in theropods, such as Coelophysis bauri 
(AMNH 7223, 7224; Cope, 1887; Colbert, 1989). Nesbitt (2011) reported the presence of a sharp and 
narrow ridge in the Triassic sauropodomorph Saturnalia tupiniquim and scored this taxon for having a 
distinct ridge that could be considered as homologous to the ridges that are see in silesaurids. 
However, while a small ridge is certainly present between the supra-acetabular crest and the 
preacetabular process in Saturnalia, this ridge does not extend from the dorsal margin of the 
supraacetabular crest, does not extend fully onto the lateral surface of the preacetabular process and is 
not bordered posterodorsally and anteroventrally by smooth concave surfaces (Langer, 2003). Instead, 
this ridge takes the form of a small, isolated, almost vertically oriented tuberosity in Saturnalia 
(Langer, 2003). In this regard, the ridge in Saturnalia differs considerably from the ridges seen in the 
silesaurid taxa (contra Nesbitt 2011). I therefore do not consider this ridge in Saturnalia to be 
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homologous to those seen in Caseosaurus crosbyensis, NMMNH P-35995 and silesaurids. As 
discussed above, Saturnalia appears to possess a low and indistinct anterodorsally oriented crest that 
does connect the supra-acetabular crest to the preacetabular process, in addition to the small tuberosity 
described as a ridge by Nesbitt (2011). I consider the former to be homologous to the crests seen in 
other dinosaurs and silesaurids, and the scoring for this character (Character 305 of Chapter 3) reflects 
this.  
 
Ventral to the supra-acetabular crest, a medioventral acetabular wall extends ventrally and, while 
incomplete, this feature appears to be extensive in Caseosaurus crosbyensis, judging from the extent 
of the fragmentary remains that appear on the posterior margin of the pubic peduncle (Figure 5.1). All 
silesaurids have extensive acetabular walls that fully close the acetabulum. Similarly, extensive 
acetabular walls exist in a number of early sauropodomorphs, such as Saturnalia tupiniquim and 
Chromogisaurus novasi (Langer, 2003; Ezcurra, 2010). However, in these early sauropodomorph taxa, 
the wall is extensive but does not fully close the acetabulum, as it does in silesaurids. The 
herrerasaurid Herrerasaurus ischigualastensis also has a medioventral acetabular wall (PVL 2566), 
but this feature is less ventrally extensive than those in silesaurids and early sauropodomorphs. In 
Herrerasaurus ischigualastensis the acetabulum also appears to be perforate. The exact condition in 
Staurikosaurus pricei is hard to assess, as the acetabular wall is broken. However, enough remains of 
the acetabular wall on the posterior margin of the pubic peduncle in Staurikosaurus to see that the wall 
is ventrally extensive. Based on what remains of the wall in C. crosbyensis it is possible to say that a 
wall is present and probably quite ventrally extensive as well, but whether or not the acetabulum is 
fully open, partially open or imperforate is difficult to say, as in Staurikosaurus. It seems likely that 
the two taxa shared morphology similar to that of Herrerasaurus ischigualastensis. Nesbitt, Irmis & 
Parker (2007) regarded the acetabulum of C. crosbyensis as being at least partially perforate, which 
they used as evidence when arguing that the taxon could be assigned to Dinosauriformes. I agree that, 
based upon the preserved material of C. crosbyensis, a perforate acetabulum seems to be the likely 
morphology present in this taxon.   
 
The pubic peduncle in Caseosaurus crosbyensis is a long, distally expanding, anteroventrally oriented 
projection from the main body of the ilium. For its entire length, the posterior margin of the peduncle 
supports the remnants of the medioventral acetabular wall. Distally the public peduncle flares out 
anteroposteriorly, as is also the condition in many dinosaurs. In C. crosbyensis the level of 
anteroposterior expansion of the distal end is greater than it is in Herrerasaurus ischigualastensis 
(PVL 2566) and Staurikosaurus pricei (Galton, 1977; Delcourt et al. 2012), as well as in silesaurids 
(Dzik 2003; Peecook et al. 2013), but less than it is in the early theropod Tawa hallae (GR 155; 
Nesbitt et al. 2009b). The ischiadic peduncle in C. crosbyensis also supports part of the acetabular 
wall. The ischadic peduncle is smaller than the pubic peduncle and is almost indistinct from the 
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acetabular wall that lies anterior to it. This is very similar to the condition in herrerasaurids, such as 
Herrerasaurus ischigualastensis (PVL 2566) and Staurikosaurus pricei (Galton, 1977; Delcourt et al. 
2012), and in silesaurids such as Ignotosaurus fragilis (Martinez et al. 2013) and Silesaurus opolensis 
(Dzik 2003) (Figure 5.6). In other dinosaurs, such as the theropods Coelophysis bauri (AMNH 7223, 
7224; Cope, 1887; Colbert, 1989) and Tawa hallae (GR 155; Nesbitt et al. 2009b), and some 
sauropodomorphs, such as Efraasia minor (Galton, 1973; Yates, 2003a), the ischiadic peduncle is quite 
distinct from the medioventral acetabular wall. In other dinosaurian taxa, such as the early 
ornithischian Lesothosaurus diagnosticus (NHMUK PV RU B17; see Chapter 2) and other 
sauropodomorphs like Saturnalia tupiniquim (Langer, 2003), the ischiadic peduncle and medioventral 
acetabular wall do form a continuous surface but the peduncle appears a little more distinct than it 
does in Herrerasaurus ischigualastensis and Caseosaurus crosbyensis.   
 
NMMNH P-35995 from the Snyder Quarry is less complete than the holotype of Caseosaurus 
crosbyensis (UMMP 8870); it is missing a greater proportion of its dorsal margin and almost all of its 
posterior section, including all of the postacetabular process (Figure 5.3). However, in all of the areas 
that are preserved, NMMNH P-35995 bears a striking resemblance to UMMP 8870. Nesbitt, Irmis & 
Parker (2007) discussed the similarities between NMMNH P-35995 and the holotype of Caseosaurus 
crosbyensis in some detail, although they did not refer NMMNH P-35995 to Caseosaurus crosbyensis. 
The similarities that they noted were “a short, pointed anterior process of the ilium, a strong ridge 
running anterodorsally from the acetabular rim to the anterior preacetabular process, a wide, open 
angle between the anterior process and the pubic process, a moderately developed supra-acetabular 
rim and an ischiadic process with a rounded distal end that is dorsal to the distal end of the pubic 
process” (Nesbitt, Irmis & Parker 2007: p. 217). Further to this Nesbitt, Irmis & Parker (2007) stated 
that none of these features are present in the theropod taxa Coelophysis bauri (AMNH 7223), 
Coelophysis rhodesiensis (Raath, 1969), 'Syntarsus' kayentakatae (Rowe, 1989) and Dilophosaurus 
wetherilli (Welles, 1954). Overall, I agree with this anatomical assessment by Nesbitt, Irmis & Parker 
(2007). I would also add that, of these distinguishing characters, a short, pointed anterior process 
(preacetabular process), a strong ridge running anterodorsally from the acetabular rim to the anterior 
preacaetabular process and a wide, open angle between the anterior process and the pubic process are 
also absent in Herrerasaurus ischigualastensis (PVL 2566). However, an ischiadic process with a 
rounded distal end that is dorsal to the distal end of the pubic process is present in Herrerasaurus 
ischigualastensis (PVL 2566) and Staurikosaurus pricei (Colbert, 1970; Galton, 1977; Delcourt et al. 
2012) and that a wide, open angle between the anterior process and the pubic process, as described in 
UMMP 8870 and NMMNH P-35995, is also present Staurikosaurus pricei (Colbert, 1970; Galton, 
1977; Delcourt et al. 2012). Generally, I also note that the shared features of UMMP 8870 and 
NMMNH P-35995, as described by Nesbitt, Irmis & Parker (2007), are not present in ornithischian 
dinosaurs, such as Lesothosaurus diagnosticus (NHMUK RU B17) and Heterodontosaurus tucki 
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(SAM-PK-K1332), in which the preacetabular process is long and ‘strap-like’ and the ischiadic 
process (= peduncle) is not as reduced. Furthermore, Lesothosaurus diagnosticus and 
Heterodontosaurus tucki do not possess the wide, open angle between the anterior process and the 
pubic process that is seen in UMMP 8870, NMMNH P-35995 and Staurikosaurus pricei (Galton, 
1977; Delcourt et al. 2012). Adding further comparisons to those provided by Nesbitt, Irmis & Parker 
(2007), I note that there is no strong, sharp ridge running anterodorsally from the acetabular rim to the 
anterior preacetabular process or a reduction on the ischiadic process in some basal sauropodomorphs, 
for example Pantydraco caducus (Yates, 2003b) and Efraasia minor (Galton, 1973; Yates, 2003a; 
Delcourt et al. 2012). In other sauropodomorph taxa, such as Saturnalia tupiniquim and 
Chromogisaurus novasi, there is a slight reduction in the ischiadic peduncle (Langer, 2003; Ezcurra, 
2010), but the difference in the ventral extensions of the pubic and ischiadic peduncles is less than it is 
in UMMP 8870 and NMMNH P-35995, as well as in the herrerasaurids Herrerasaurus 
ischigualastensis (PVL 2566) and Staurikosaurus pricei (Galton, 1977; Delcourt et al. 2012). 
However, I note that in Saturnalia tupiniquim (Langer, 2003) and Chromogisaurus novasi (Ezcurra, 
2010) the pubic peduncle is not as long as it is in UMMP 8870, NMMNH P-35995, Herrerasaurus 
ischigualastensis (PVL 2566) and Staurikosaurus pricei (Galton, 1977; Delcourt et al. 2012), which 
may explain why the reduction of the ischiadic peduncle in Saturnalia tupiniquim and 
Chromogisaurus novasi does not appear to be as great as it is in UMMP 8870, NMMNH P-35995 and 
herrerasaurids. I also note that, for the feature described by Nesbitt, Irmis & Parker (2007) as a strong 
ridge running anterodorsally from the acetabular rim to the anterior preacaetabular process, it is the 
nature of this feature, rather than its absence or presence, that is the main discriminating factor 
between UMMP 8870/NMMNH P-35995 and other dinosaurs; there is a crest running anterodorsally 
from the acetabular rim to the preacaetabular process in many dinosaurian taxa, but it is only in 
UMMP 8870 and NMMNH P-35995 (and some silesaurids: see above) that this crest appears as a 
sharp, distinct ridge. In addition to the features that were discussed by Nesbitt, Irmis & Parker (2007), 
I also make the following observations about the anatomy of the specimen NMMNH P-35995.     
NMMNH P-35995, much like UMMP 8870, preserves a complete preacetabular process that takes the 
form of a thin, anterodorsally extending process that swells distally, both mediolaterally and 
dorsoventrally, into a rounded end. The lateral surface of this process bears a distinct rugose area that 
also extends partly on to the dorsal surface. The rugose area on the lateral surface of the preacetabular 
process is connected to the middle of supra-acetabular crest by a sharp, distinct ridge. The supra-
acetabular crest is partly broken in NMMNH P-35995 but is more complete than in UMMP 8870. In 
lateral view the supra-acetabular crest in NMMNH P-35995 describes a smooth semicircle above the 
acetabulum and extends some of the way down the pubic peduncle, as in UMMP 8870. Also like 
UMMP 8870, NMMNH P-35995 shows evidence of a medioventral acetabular wall that would at least 
partially close the acetabulum. This wall appears to be extensive in NMMNH P-35995, but it is hard to 
state with confidence whether or not the acetabulum was completely imperforate. The pubic peduncle 
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in NMMNH P-35995 is longer than the ischiadic peduncle, which is reduced and rounded distally. 
Unfortunately, the postacetabular process (and much of the dorsal iliac bade) is missing in NMMNH 
P-35995, so the presence, and possible extent, of rugose areas on the postacetabular process cannot be 
assessed in this specimen. 
   
Despite the many similarities between the specimens, UMMP 8870 and NMMNH P-35995 can also be 
distinguished in several minor features (contra Nesbitt, Irmis & Parker 2007). Firstly, the acetabulum 
of NMMNH P-35995 is deeper relative to the height of the iliac blade above the acetabulum than it is 
in the holotype of Caseosaurus crosbyensis (based upon the dorsal extent of the preacetabular 
process). This difference in relative dorsoventral depth of the ilia above and below the acetabulum 
could be related to size. NMMNH P-35995 is smaller than UMMP 8870; UMMP 8870 has a 
maximum dorsoventral depth of 86.9 mm whereas NMMNH P-35995 has a maximum depth of 57.8 
mm. A second difference between UMMP 8870 and NMMNH P-35995 is the difference in angle 
between the preacetabular process and the pubic peduncle. In UMMP 8870 this area takes the form of 
a rounded, wide gap in which the preacetabular process and the pubic peduncle diverge at an obtuse 
angle. In NMMNH P-35995 this gap is smaller and the angle between the preacetabular process and 
the pubic peduncle is acute. Despite this subtle difference, Nesbitt, Irmis & Parker (2007) still 
considered a wide, open angle between the anterior process and the pubic process to be a feature 
uniting NMMNH P-35995 and UMMP 8870. An acute angle between the preacetabular process and 
the pubic peduncle is observed in basal sauropodomorphs, such as Saturnalia tupiniquim and 
Chromogisaurus novasi (Langer, 2003; Ezcurra, 2010; Delcourt et al. 2012), in ornithischians, such as 
Heterodontosaurus tucki (SAM-PK-K1332) and larger specimens of Lesothosaurus diagnosticus (e.g., 
NHMUK PV R11000; see Chapter 2), in theropods, such as Coelophysis bauri (AMNH 7223, 7224; 
Cope, 1887; Colbert, 1989) and in Herrerasaurus ischigualastensis (PVL 2566). Conversely, 
Staurikosaurus pricei has an obtuse angle between the preacetabular process and the pubic peduncle 
(Galton, 1977; Delcourt et al. 2012), as do the smaller specimens of the ornithischian Lesothosaurus 
diagnosticus (NHMUK PV RU B17; BP/1/4731; see Chapter 2). Silesaurids also exhibit something of 
an open angle between the preacetabular process and the pubic peduncle, with most taxa having an 
angle close to 90º or slightly acute (e.g., Silesaurus opolensis; Dzik 2003). Currently, whether or not 
this feature has any taxonomic significance remains to be seen. The intraspecific variation that is seen 
in Lesothosaurus diagnosticus might suggest that this feature is size related, and this may explain the 
observed difference between NMMNH P-35995 and the holotype of Caseosaurus crosbyensis. 
 
As observed by Martinez et al. (2013), a narrow ridge extends from the midpoint of the dorsal surface 
of the supra-acetabular crest and joins the lateral surface of the preacetabular process in the South 
American silesaurid Ignotosaurus fragilis. This ridge is oriented anterodorsally and is bordered 
anteroventrally and posterodorsally by smooth, shallowly depressed surfaces (Martinez et al. 2013). A 
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similar ridge also appears in the silesaurids Asilisaurus kongwe (Nesbitt et al. 2010), Sacisaurus 
agudoensis (Ferigolo & Langer, 2006), Silesaurus opolensis (Dzik 2003) and Lutungutali sitwensis 
(Peecook et al. 2013).  
 
5.5 Discussion. The results of the phylogenetic analyses carried out in this study recover Caseosaurus 
crosbyensis (both UMMP 8870 and NMMNH P-35995) in a close relationship with all currently 
recognised herrerasaurid taxa (Herrerasaurus ischigualastensis, Chindesaurus bryansmalli, 
Sanjuansaurus gordilloi and Staurikosaurus pricei). These results provide good evidence in support of 
the hypothesis that Caseosaurus crosbyensis represents an herrerasaur, as proposed by Long and 
Murry (1995) and supported by Hunt et al. (1998). In addition to Caseosaurus crosbyensis, the 
enigmatic taxon Saltopus elginensis is also recovered as a herrerasaur. While this taxon has often been 
considered to fall close to the origins of dinosaurs (e.g., Benton & Walker, 2011), it has, as far as I am 
aware, never been recovered in such a position by any previous large-scale phylogenetic analysis of 
early dinosaurs (or dinosauromorphs). The position of Saltopus elginensis is supported by the 
possession of a scapula blade that is only weakly expanded at its distal end (also present in 
Herrerasaurus ischigualastensis, Sanjuansaurus gordilloi and Staurikosaurus pricei), as well as an 
ischial shaft that is curved along its length (also present in Staurikosaurus pricei). If this position for 
Saltopus elginensis is correct then it would provide more evidence for the presence of herrerasaurs in 
Europe during the Late Triassic (see Niedźwiedzki et al. 2014) and would make S. elginensis the first 
named herrerasaurian species from outside of the Americas. In addition, this result shows that the 
herrerasaurian clade may have also contained species that were much smaller than the large South 
American predators Herrerasaurus ischigualastensis, Sanjuansaurus gordilloi and Staurikosaurus 
pricei, if the only known specimen of Saltopus elginensis is an adult or near adult; femoral length in 
Saltopus elginensis (NHMUK PV R3915, left femur) = 68.9mm; femoral length in Herrerasaurus 
ischigualastensis (PVL 2566, right femur) = 473mm (Novas, 1993).     
 
In Chapter 3, the clade Herrerasauridae is the sister group to Sauropodomorpha and these two clades 
formed a monophyletic Saurischia, which in turn formed the sister group to Ornithoscelida. Dinosauria 
was recovered as monophyletic and as the sister group to Saltopus elginensis. As the revised analysis 
has recovered herrerasaurs outside of Dinosauria, essentially in the same position that was suggested 
for Saltopus elginensis in Chapter 3, Saurischia, in its more traditional sense, breaks apart completely, 
becoming a polyphyletic group. In this new hypothesis, the traditional members of Saurischia 
(Theropoda, Sauropodomorpha and Herrerasauridae) are distributed widely across the dinosauromorph 
tree and are only distantly related to one another. Hence, I propose that Saurischia should now be 
abandoned as a clade name and that Theropoda, Ornithischia and Sauropodomorpha be retained as the 
three subsidiary clades within Dinosauria, with Ornithischia and Theropoda forming Ornithoscelida, 
using the revised definitions presented by Chapter 3.  
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For the clade containing herrerasaurs, I suggest reviving the name Herrerasauria. The node-based 
clade Herrerasauridae, which is defined as “Herrerasaurus, Staurikosaurus, their most recent common 
ancestor, plus all its descendants” (Novas, 1992; Langer et al. 2010), while being appearing more 
commonly in modern studies (e.g., Ezcurra, 2010; Nesbitt 2011; Niedźwiedzki et al. 2014), is limited 
in its scope by the fact that the taxa it encompasses is strictly dependent on the interrelationships 
among herrerasaurian taxa. Herrerasauridae, by its current definition, is limited to only contain taxa 
that are descended from the most recent common ancestor of Herrerasaurus ischigualastensis and 
Staurikosaurus pricei; Herrerasauridae cannot include the taxa in the herrerasaurian lineage that fall 
stem-ward of the bracket defined by Herrerasaurus ischigualastensis and Staurikosaurus pricei. 
Herrerasauria, on the other hand, encompasses any and all taxa that are recovered in the herrerasaur 
lineage. Given that the main analysis recovers all herrerasaurs in a polytomy, with the relative 
positions of Herrerasaurus ischigualastensis and Staurikosaurus pricei within the clade unresolved, 
Herrerasauria serves as a more appropriate clade name than Herrerasauridae, under current definitions, 
when discussing the lineage containing Herrerasaurus ischigualastensis and the other taxa found 
within this clade in this study.       
Herrerasauria was defined by Langer (2004) and Langer et al. (2010) as all dinosaurs that share a more 
recent common ancestor with Herrerasaurus than with Liliensternus and Plateosaurus. However, in 
the phylogenetic analysis, Herrerasauria is positioned just outside of Dinosauria, necessitating a slight 
rewording of the definition given by Langer et al. (2010) to ‘all taxa that share’, or, to put it into a style 
more consistent with other recent phylogenetic revisions (e.g., Nesbitt 2011; Chapter 3) – the most 
inclusive clade that includes Herrerasaurus ischigualastensis but not Liliensternus liliensterni and 
Plateosaurus engelhardti.  
 
Examination of the various MPTs produced by these analyses revealed that some herrerasaurian taxa 
could potentially fall stem-ward of Herrerasauridae and therefore represent non-herrerasaurid 
herrerasaurs. For example, the holotype of Caseosaurus crosbyensis and NMMNH P-35995 were 
recovered outside of Herrerasauridae in 7 of the 91 MPTs in the reduced analysis (Figure 5.7). Future 
works may better resolve the interrelationships within the herrerasaurian lineage and both 
Herrerasauria and Herrerasauridae may be found to be valid and necessary. Alternatively, future works 
may also recover a result in which Herrerasauridae does still contain all currently known members of 
the herrerasaur lineage and, as a result, Herrerasauridae then would, once again, take priority over 
Herrerasauria, as it has done in recent times (Benedetto, 1973; Langer, 2004; Langer et al. 2010).  
In addition to the revision of relationships near the base of the dinosaur tee, this study has also noted 
similarities between the ilial anatomy of herrerasaurians, sauropodomorph dinosaurs and certain 
silesaurids. The rugose areas on the dorsal and lateral surfaces of the pre- and postacetabular processes 
of Caseosaurus crosbyensis are optimised as a synapomorphy of Herrerasauria in the analyses but also 
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appear in several silesaurids, such as Silesaurus opolensis and Ignotosaurus fragilis (Dzik 2003; 
Martinez et al. 2013) (Figure 5.6). In fact this character (Character 318) is also optimised as 
synapomorphy of Silesauridae. 
 
 
Figure 5.7. Possible tree topologies recovered within the herrerasaur lineage from the MPTs produced in the 
main analysis. (A), with Caseosaurus crosbyensis inside Herrerasauria forming the sister taxon to 
Herrerasauridae; (B), with all herrerasaurian taxa included within Herrerasauridae, with Staurikosaurus pricei 
and Saltopus elginensis forming a clade; (C), with all herrerasaurian taxa included within Herrerasauridae, with 
two distinct clades – 1, Herrerasauria, defined as the most inclusive clade that includes Herrerasaurus 
ischigualastensis but not Liliensternus liliensterni and Plateosaurus engelhardti; 2, the most inclusive clade that 
includes Staurikosaurus pricei but not Herrerasaurus ischigualastensis; 3, the most inclusive clade that includes 
Herrerasaurus ischigualastensis but not Staurikosaurus pricei. dark purple = Herrerasauridae; light purple = 
non-herrerasaurid herrerasaurians.  
 
The appearance of this character state in both clades could represent a convergence, or, given the new 
position suggested for Herrerasauria, a symplesiomorphy retained by herrerasaurians but lost in true 
dinosaurs. In addition to the rugose areas on the pre- and postacetabular processes, some herrerasaurs 
and some silesaurids were also found to share a sharp ridge that extends anterodorsally from the 
middle of the supra-acetabular crest to the preacetabular process. Almost all dinosaurs, as well as some 
herrerasaurs, have a low, rounded buttress in this area (see Description and Comparisons, above), but 
in Caseosaurus crosbyensis and silesaurids (e.g., Silesaurus opolensis; Dzik 2003), this ridge is more 
distinct and sharp. This character state is currently optimised as a convergence between the silesaurids 
and the herrerasaurids that possess it. It may be possible that the condition in the herrerasaurian 
Caseosaurus crosbyensis is homologous to the condition in silesaurids and represents a plesiomorphic 
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state lost by other herrerasaurs such as Herrerasaurus ischigualastensis. However, as the position of 
C. crosbyensis within Herrerasauria is currently ambiguous, the nature of this character state also 
remains ambiguous. Caseosaurus crosbyensis is currently the only known dinosauriform outside of 
Silesauridae that possesses such a sharp ridge in this location; the condition is not assessable in 
Saltopus elginensis due to the poor quality of preservation, and no such ridge is present in Marasuchus 
lilloensis (PVL 3871; Sereno & Arcucci, 1994a). Whatever the case, the possession of a ridge or crest 
of some kind (either low and rounded or sharp and distinct) appears to be a synapomorphy of the clade 
containing Silesauridae, Dinosauria and their most recent common ancestor. A straight to slightly 
convex ventral margin of the acetabulum is present in all silesaurid taxa in this study, as well as in the 
basal sauropodomorphs Buriolestes schultzi, Chromogisaurus novasi, Guaibasaurus candelariensis, 
Pampadromaeus barberenai, Panphagia protos and Saturnalia tupiniquim (Langer 2003; Martinez & 
Alcober 2009; Ezcurra 2010; Cabreira et al. 2011, 2014; Langer et al. 2010) but is not the condition 
seen in herrerasaurs, all of which appear to have concave ventral margins of the acetabulum. These 
character states are not currently optimised within the tree; further work (and a possible rephrasing and 
reordering of the character states) may be needed to help better clarify their distribution within 
Dinosauriformes.  
 
The removal of the herrerasaurs and the subsequent break-down of the traditional ‘saurischian’ clade 
has another interesting implication – the relatively high abundance and species richness of the 
‘Saurischia’ in the Late Triassic-Early Jurassic when compared to that of Ornithischia and Theropoda 
(Barrett et al 2009) could now be explained by this new topology; the traditional ‘Saurischia’ forming 
a grade towards Ornithoscelida, rather than forming its sister-taxon, better explains the relatively high 
abundance of ‘saurischians’ in the earlier stages of the Late Triassic, when compared with theropods 
and ornithischians.  
 
 
5.6 Conclusions. The phylogenetic analyses presented in this Chapter have consistently recovered the 
holotype of Caseosaurus crosbyensis (UMMP 8870) in a position close to Herrerasaurus 
ischigualastensis and other herrerasaurids. On the basis of the results and a number of anatomical 
observations, I have also been able to refer a right ilium from Snyder Quarry (NMMNH P-35995) to 
Caseosaurus crosbyensis and give a new diagnosis for this taxon. The analyses have, with this new 
anatomical information included, recovered the clade Herrerasauria outside of Dinosauria and placed 
Saltopus elginensis within Herrerasauria for the first time. Following the finds of Chapter 3, which 
removed Theropoda from Saurischia, this result now breaks apart what remains of the traditional 
‘saurischian’ group. I therefore propose retirement of the term ‘saurischian’ in discussions of dinosaur 
systematics and taxonomy and suggest that Dinosauria be considered as comprising Ornithoscelida 
(Ornithischia+Theropoda) and Sauropodomorpha only. This result also hints further at the potentially 
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important role of the Laurasian landmass during the early stages of dinosaur and dinosauromorph 
evolution and provides additional evidence that clades once thought to be of Gondwanan origin may 
yet prove to have undiscovered diversity within the Late Triassic faunas of the Northern Hemisphere 
(see Dzik 2003; Niedźwiedzki et al. 2014). This work has also highlighted a number of anatomical 
similarities between the ilia of herrerasaurs, basal sauropodomorphs and silesaurids. It is clear that 
further work is needed to help clarify the distribution of a number of anatomical features within 
Dinosauriformes and what such distributions may mean in terms of early dinosaur evolution and 
dinosauromorph interrelationships. These new finds also suggest that phylogeny may hold some 
answers to questions about early dinosaur diversification and observed differences in the taxic 
abundances of the major dinosaur lineages during the Triassic Period.  
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Chapter 6 
An Early Triassic origin of Dinosauria? Evidence from a reassessment of Nyasasaurus 
parringtoni 
 
Abstract  
The relationships of the controversial early dinosauromorph taxon Nyasasaurus parringtoni, from the 
Middle Triassic (Anisian) Manda beds of Tanzania, are reassessed using a large phylogenetic dataset 
that includes character data for numerous early dinosaurs and other dinosauromorphs. Our anatomical 
comparisons and phylogenetic analyses suggest that the holotype and referred specimens of N. 
parringtoni belong to distinct dinosaurian taxa; the holotype is recovered as a massospondylid 
sauropodomorph, while the referred specimen is recovered as a coelophysoid theropod. On the 
evidence of our comparisons and analyses, we remove the referred specimen from the hypodigm of N. 
parringtoni and assign it to Neotheropoda. The apparent presence of both sauropodomorph and 
neotheropod dinosaurs in the Anisian forces re-evaluation of the time of origin of Dinosauria and of 
the major radiations that occurred within this clade during the Triassic Period. Our results now place 
the origin of Dinosauria in the Early Triassic (Olenekian) and imply that Theropoda, Ornithischia and 
Sauropodomorpha should all have present by the onset of the Middle Triassic. This implies the 
existence of long ghost lineages for various clades, particularly Ornithischia, which currently has few, 
if any, definitive Triassic representatives.    
 
6.1 Introduction. Our understanding of the origin and early diversification of Dinosauria during the 
Triassic Period has undergone a renaissance (Sereno 1999; Brusatte et al. 2010; Ezcurra 2010; Langer 
et al. 2010; Irmis 2011). New fossil discoveries, and re-interpretations of historical specimens, have 
added to our growing understanding of this long-overlooked subject and new stratigraphical data have 
provided more tightly constrained dates for several important localities and, by extension, more a 
robust geochronological framework for documenting the timing key episodes in this evolutionary 
transition (Dzik 2003; Martinez & Alcober 2009; Nesbitt et al. 2009, 2010, 2017; Martinez et al. 2011; 
Sues et al. 2011; Cabreira et al. 2011, 2016). However, despite this renewed interest, the dating of 
various critical localities and divergences within the clade still remain unclear (Brusatte et al. 2010; 
Langer at al. 2010). For example, representative taxa from each of the three major dinosaur lineages 
(Ornithischia, Theropoda and Sauropodomorpha) have been reported from well-dated localities of late 
Carnian (Late Triassic) age (approximately 230 million years old) (Brusatte et al. 2010; Ezcurra 2010; 
Marsicano et al. 2016), but have yet to be identified in older units, so the question of when these 
clades diverged from one another remains ambiguous. The discovery of silesaurid dinosauriforms (and 
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their sister-taxon relationship to Dinosauria [Nesbitt et al. 2009; Nesbitt 2011]) strongly suggests that, 
provided current evolutionary hypotheses are correct, representative dinosauriforms and other 
ornithodirans should have been present prior to the Anisian stage of the Middle Triassic. 
Unfortunately, most previous reports of pre-Carnian dinosaurs have been shown to be erroneous 
(Benton 1986; Galton 2000), creating a ghost-lineage for Dinosauria of approximately 10 Myr. 
However, the hypothesis that dinosaurs should be present in Middle Triassic faunas gained some 
support following the description of Nyasasaurus parringtoni, an Anisian dinosauriform taxon that 
possesses a number of dinosaur-like features (Nesbitt et al. 2013).  
Named on the basis of two specimens from the Lifua Member of the Manda beds (Ruhuhu Basin) of 
southern Tanzania, Nyasasaurus parringtoni was found to represent either a member of Dinosauria or 
the sister-taxon to Dinosauria (Nesbitt et al. 2013), a result that provided the first evidence to shorten 
this ghost lineage.  
Only a small amount of material has been referred to N. parringtoni including the holotype (a right 
humerus, three partial dorsal vertebrae and a partial sacrum: NHMUK PV R6856) and one referred 
specimen (two cervical and three other presacral vertebrae: SAM-PK-K10654). However, anatomical 
overlap between these specimens is minimal and the referral of the second specimen is not based upon 
the shared possession of any of the autapomorphies present in the holotype, but on more circumstantial 
evidence relating to the rarity of dinosauromorph material in the Manda assemblages (Nesbitt et al. 
2013). The material of N. parringtoni possesses an interesting combination of primitive and derived 
anatomical characters. The low level of skeletal completeness for this taxon, combined with the 
unusual suite of anatomical characters that it exhibits, contributed to the high degree of uncertainty in 
the results of the original phylogenetic analysis; N. parringtoni was recovered both inside and outside 
of Dinosauria, as well as possibly close to Ornithischia and near Theropoda (Nesbitt et al. 2013). This 
uncertainty was also highlighted by another recent study that compared different methods of 
phylogenetic analyses using N. parringtoni as a case study (Puttick et al. 2017). This study found that 
the position of N. parringtoni varied within Dinosauriformes depending on the methods that were 
implemented (implied-weights and equal-weights parsimony and Bayesian implementation of Mk-
models were compared). This study concluded that the data of Nesbitt et al. (2013) was insufficient to 
answer the question of where N. parringtoni belongs within Dinosauriformes but did not examine the 
referral of SAM-PK-K10654 to the taxon, despite the fact that in the original study, the phylogenetic 
signals given by the two known specimens of N. parringtoni were shown to exhibit potential conflict 
(Nesbit et al. 2013).  
In Chapter 3, I presented the results of a new large-scale phylogenetic analysis of early dinosaurs and 
other dinosauromorphs and provided a new dataset for these taxa, which includes much broader 
taxonomic and character samples than previous studies that attempted to address this issue (e.g., 
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Ezcurra 2010; Cabreira et al. 2016). I Chapter 3 I included N. parringtoni as an operational taxonomic 
unit in some analyses and recovered it as deeply nested within Dinosauria, as a derived member of 
Sauropodomorpha and closely related to massospondylids such as Massospondylus carinatus. If 
correct, this result has important implications for the time of origin of Sauropodomorpha, as well as of 
Dinosauria, and provides tantalising evidence for the earlier appearances of many dinosaur clades, as 
predicted previously. The recovery of N. parringtoni in this derived position implies an earlier origin 
for dinosaurs than previously thought, potentially close to the Olenekian–Anisian (Early Triassic–
Middle Triassic) boundary. However, this particular analysis also assumed that referral of SAM-PK-
K10654 to N. parringtoni was valid and, as a result, concluded that N. parringtoni was a highly 
derived member of Sauropodomorpha, with certain aspects of its anatomy being convergent on those 
of other, distantly related dinosaurs, primarily theropods. For example, the skeletal pneumaticity 
present in the vertebrae of SAM-PK-K10654 is not present in any other known massospondylid; for 
example, Massospondylus carinatus lacks the well-developed pleurocoels and elliptical fossae on the 
centra of the cervical vertebrae, like the kind observed in SAM-PK-K10654. 
Consequently, the high level of uncertainty surrounding the composition of the hypodigm of N. 
parringtoni, and the conflicting phylogenetic positions it occupies, suggest that a more thorough re-
assessment of this material is required before we can decipher what it tells us about the origin and 
early evolution of Dinosauria.   
This study re-assesses the phylogenetic relationships of Nyasasaurus parringtoni using an expanded 
and updated version of that dataset of Chapter 3. The referral of the second specimen of N. parringtoni 
is examined objectively by treating each of the two known specimens separately in phylogenetic 
analyses and through detailed anatomical comparisons with a variety of other dinosauromorph taxa. 
The implications of this revision for the anatomy, systematics and taxonomy of N. parringtoni and our 
understanding of dinosaur origins are explored in the light of these new data.  
 
6.2 Material & Methods. For the phylogenetic analyses, the hypodigm of Nyasasaurus parringtoni 
was divided into the holotype and referred specimen, and these two distinct operational taxonomic 
units (OTUs) were added to a modified version of a new, large early dinosaur dataset. With the 
holotype and referred specimens scored separately, a total of 82 taxa were included in our 
phylogenetic analyses, each of which was scored for 457 characters.  
For this iteration of the dataset, character 41 was modified to include a third character state – (2), nasal 
possesses a posterolateral process that envelops part of the dorsal process (= nasal process) of the 
maxilla. This character state occurs in the theropod taxa Zupaysaurus rougieri (Ezcurra 2007) and 
Panguraptor lufengensis (You et al. 2014).  
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Characters 24, 39, 41, 60, 68, 71, 72, 145, 167, 169, 174, 180, 197, 199, 206, 214, 215, 222, 251, 269, 
272, 286, 289, 303, 305, 307, 313, 322, 334, 338, 353, 360, 376, 378, 386, 393, 442 and 446 were 
treated as ordered, following Chapter 3, but with the addition of the modified Character 41.  
Trees were searched for in TNT 1.5-beta using the New Technology Search function, with ratchet and 
drift set to their default settings (10 iterations and 10 cycles respectively), with three rounds of tree 
fusing, and with 100 random additional sequences (Goloboff et al. 2008). Following this, I used a 
Driven Search to find the minimum tree length 100 times before subjecting the new set of MPTs to a 
second round of TBR branch swapping, as in Chapters 4 and 5. Bremer support values (decay indices) 
were also calculated using TNT 1.5-beta. Euparkeria capensis was selected out the outgroup taxon. 
For the character list and character scores used in these analyses, see Appendices 2 (section 2.1) and 3 
(section 3.1) respectively For the character list and character scores used in these analyses, see 
Appendices 2 (section 2.1) and 3 (section 3.1) respectively. 
In addition to the main analyses, three constrained analyses were also conducted: one that forced the 
inclusion of both specimens within Nyasasaurus parringtoni with no additional constraints, one that 
forced the inclusion of both specimens within Sauropodomorpha, and one that forced both. The 
lengths of these trees were then compared with those of the most parsimonious trees (MPTs) 
recovered when no constraints were enforced. Templeton tests were conducted for statistical 
comparison between alternative tree topologies produced in these constrained analyses using the script 
“templetontest.run” in TNT (Templeton 1983). 
 
6.3 Results. When the holotype and referred specimens of Nyasasaurus parringtoni are treated as 
distinct OTUs, the search recovered 759 MPTs, each with lengths of 1759 steps CI = 0.2910 and RI = 
0.6324. The holotype (NHMUK PV R6856) and referred (SAM-PK-K10654) specimens were 
recovered in different lineages within Dinosauria; the holotype was recovered as a derived member of 
the clade Sauropodomorpha close to ‘massospondylid’ taxa such as Massospondylus, as found 
previously for the whole hypodigm, while the referred specimen was recovered as a member of 
Theropoda, within the more exclusive clade Neotheropoda (Figure 6.1).  
In the strict consensus tree of the first constrained analysis, which forces NHMUK PV R6856 and 
SAM-PK-K10654 to form a monophyletic group, exclusive of all other taxa, we recover a large 
polytomy within Dinosauria containing Ornithischia, Plateosauridae, an unnamed clade of derived 
sauropodomorphs [Riojasaurus + ‘sauropods’] and all other dinosaurian taxa. This analysis produced 
709 MPTs that were 1762 steps in length. Although these trees are only three steps longer than those 
obtained in the first analysis, and, according to the results of the Templeton test are not significantly 
different (p>0.05) from the original tree, the resolution within Dinosauria is clearly much poorer. 
Examination of the various MPTs produced by this analysis shows that a monophyletic N. parringtoni 
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can be recovered within several different dinosaurian clades, as also found previously. In the first 
constrained analysis a monophyletic N. parringtoni could be placed in either Sauropodomorpha or 
Theropoda. In the second constrained analysis, with both specimens forced to lie within 
Sauropodomorpha, we recover 755 MPTs with tree lengths of 1761 steps. However, the results of the 
Templeton test that compared this constrained topology to that recovered in the main analysis found 
no significant difference (p>0.05). In this result the holotype specimen is recovered as a 
massospondylid sauropodomorph while the referred specimen is recovered in a more derived position 
within sauropodomorpha, close to Aardonyx celestae and Pulanesaura eocollum. It is united with 
these taxa on the basis of a single shared feature, the absence of a midline keel on the ventral portion 
of the anterior cervical centra. It must be noted that this feature is also absent in the coelophysids 
Coelophysis bauri and ‘Syntarsus’ kayentakatae, as well as in Daemonosaurus chauliodus. In the final 
constrained analysis, with a monophyletic N. parringtoni being forced within Sauropodomorpha, 735 
MPTs were produced each with lengths of 1762 steps. In this analysis the monophyletic N. parringtoni 
is recovered in a polytomy with a variety of massopodan sauropodomorph taxa. Again, a Templeton 
test found that no significant difference existed between the two tree topologies recovered. 
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<Figure 6.1. Time calibrated strict consensus tree (of 759 MPTs) showing the positions of the holotype (white 
star) and referred (black star) specimens of Nyasasaurus parringtoni. (A), Dinosauria; (B), Ornithoscelida; (C), 
Theropoda; (D), ghost lineage predicted for Ornithischia (light grey portion of Ornithischia represents a current 
area of ‘uncertainty’ in the fossil record).  
 
 
Figure 6.2. Material of Nyasasaurus parringtoni (NHMUK PV R6856: A-C,F) and an indeterminate 
neotheropod (SAM-PK-K10654: D,E,G) from the Manda beds of Tanzania and their positions within 
Dinosauria. (A), Sacral series of Nyasasaurus parringtoni; (B), presacral vertebra; (C), right humerus; (D,E), 
anterior cervical vertebrae; (F), position of N. parringtoni within Sauropodomorpha in the reduced strict 
consensus tree; (G), position of SAM-PK-K10654 within Neotheropoda in the reduced strict consensus tree.  
 
Bremer support values for Dinosauria, Ornithoscelida and Ornithischia were all found to be high (>5), 
but were lower for Theropoda and Neotheropoda (2 and 1, respectively). The Bremer support value for 
Sauropodomorpha could not be calculated due to the presence of an unresolved polytomy at the base 
of Dinosauria. In the reduced analysis, Sauropodomorpha was found to have a Bremer support value 
of 1 and the support for Theropoda increased from 1 to 2. By removing both specimens of 
Nyasasaurus parringtoni from the analysis, only the Bremer support value for Sauropodomorpha 
increased further (from 1 to 2). 
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Systematic Palaeontology 
 
Archosauria Cope 1869 
Dinosauriformes Novas 1992 
Dinosauria Owen 1842 
Sauropodomorpha von Huene 1932 
 
Nyasasaurus parringtoni Nesbitt, Barrett, Werning, Sidor & Charig 2013 
 
Holotype: NHMUK R6856, right humerus, three partial presacral vertebrae and three sacral vertebrae 
(Figure 6.2). 
Locality and Age: Lifua Member of the Manda beds, Ruhuhu Basin, southern Tanzania. Anisian 
(Middle Triassic) in age (Rubidge 2005; Nesbitt et al. 2013). 
Diagnosis: A massospondylid sauropodomorph that possesses a unique combination of characters, 
including at least three sacral vertebrae, with an ‘insertion’ vertebrae positioned between the first and 
second primordial sacrals (Nesbitt 2011; Nesbitt et al. 2013); dorsoventrally tall sacral ribs; 
hyposphene-hypantrum intervertebral articulations in the presacral column; a rounded depression on 
the anterior face of the proximal end of the humerus; a well-developed and proximodistally extensive 
deltopectoral crest that continuous with the proximal surface of the humerus; a laterally deflected and 
pointed apex of the deltopectoral crest that is positioned between 30% and 50% of the way along the 
total proximodistal length of humerus; a distinct fossa on the posterodorsal surface of the deltopectoral 
crest; a notch positioned distal to the apex of the deltopectoral crest; a distinct ridge on the posterior 
surface of the humerus. Nyasasaurus parringtoni appears to be unique among massospondylids and 
other early sauropodomorphs in having a deltopectoral crest that is continuous with proximal surface 
of the humerus, but is united with plateosaurians (e.g., Plateosaurus engelhardti and Massospondylus 
carinatus) through the possession of an ‘insertion’ sacral vertebrae and with some massopodans (e.g., 
Coloradisaurus brevis, Lufengosaurus huenei and Massospondylus carinatus) through the possession 
of a depression or fossa on the posterodorsal surface of the deltopectoral crest.  
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Theropoda Marsh 1881 
 
Theropoda indet. (also see Haughton 1932) 
= Thecodontosaurus alophos Haughton 1932 
 
Specimen: SAM-PK-K10654, three cervical vertebrae and two posterior presacral vertebrae (Figure 
6.2). 
Locality and Age: Lifua Member of the Manda beds, Ruhuhu Basin, southern Tanzania. Anisian 
(Middle Triassic) in age (Rubidge 2005; Nesbitt et al. 2013). 
Description: A theropod that possesses elongate cervical vertebrae; epipophyses on the 
postzygapophyses; a deep fossae both lateral to the neural canal (= prechonos) and on the 
posterolateral surface of the neural arch; shallow prezygaodiapohyseal laminae; parapophyses and 
diapophyses that are well-separated; a deep, rimmed and elliptical fossa on the posterior section of the 
cervical centrum; anterior and posterior faces of the cervical centrum that are offset dorsoventrally 
from one another. There is also a hint of a faint postzygodiapophyseal lamina in both cervical 
vertebrae, as also occurs in Dilophosaurus wetherilli.  
 
6.4 Discussion. The recovery of the holotype and referred specimens of Nyasasaurus parringtoni in 
different dinosaur clades strongly suggests that this taxon is a chimaera and that the referral of SAM-
PK-K10654 to N. parringtoni is not justifiable. Our comparisons and analyses suggest that the 
holotype specimen of N. parringtoni is a sauropodomorph whereas the previously referred specimen is 
a neotheropod and that neither specimen represents a stem dinosaur nor a close dinosaur relative, 
contrary to previous suggestions (Nesbitt et al. 2013; Puttick et al. 2017). Consequently, this provides 
the first evidence for the presence of both sauropodomorphs and theropods in the Middle Triassic and 
suggests that a depauperate but disparate dinosaur fauna existed during the Anisian in Tanzania, 
around 10 Myr prior to the appearance of better-known late Carnian dinosaur faunas in South 
America, which were previously considered to be the oldest known dinosaur faunas in the world 
(Sereno et al. 1993; Ezcurra 2010; Martinez et al. 2011). This result is more congruent with current 
hypotheses of dinosauriform evolution, which place the silesaurids, a clade already present in the 
Middle Triassic, as the sister group to dinosaurs; we would expect representatives of the three dinosaur 
lineages to be present at the same time as taxa like Asilisaurus kongwe and Lutungutali sitwensis.  
The results recovered in these analyses imply that the origins of Silesauridae, Dinosauria, 
Sauropodomorpha, Herrerasauria, Theropoda and Ornithischia might extend back into the Early 
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Triassic, and suggest that Ornithischia has an extremely long (at least 20 Myr) ghost lineage that spans 
the whole of the Middle Triassic. Furthermore, these finds highlight the current absence of pre-
Carnian non-plateosaurian sauropodomorphs and pre-Norian plateosaurids in the fossil record and hint 
at the possibility that Middle Triassic formations may, in the future, yield new sauropodomorph 
specimens that shed light on the early evolution of this clade. A similar gap is also implied for the 
neotheropod fossil record, given that there are currently no known Ladinian or Carnian members of 
this group either.     
The foregoing discussion depends upon accepting the current age estimate for the Manda beds and 
additional work to test the Anisian age of these taxa should be regarded as a priority. Caution may be 
warranted as recent work on other Middle Triassic faunas, such as the Chañares Formation of 
Argentina, has shown that these deposits are actually of Late Triassic age, with major implications for 
calibrating various nodes on the avemetatarsalian tree (Marsicano et al. 2016). However, if the Anisian 
date is correct, and the phylogenetic affinities of NHMUK PV R6856 and SAM-PK-K10654 are 
confirmed, then it follows that several large gaps must currently exist in the early dinosaur fossil 
record that remain to be filled. In order to test this hypothesis, more attention should be given to 
finding and exploring vertebrate-bearing formations that are of late Early–Middle Triassic age. These 
results suggest that new, pre-Carnian, dinosaur specimens may yet be discovered that might help us to 
better understand the earliest stages of dinosaur evolution and dinosaur diversification, as well as the 
anatomy and palaeobiology of the ancestral dinosaur.  
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Chapter 7 
The phylogeny of Dinosauria: Terminal taxa and anatomical characters 
 
Abstract 
The model of dinosaur classification that was first proposed by Seeley in 1887 – that all dinosaurs can 
be grouped into either Saurischia (lizard-hipped) or Ornithischia (bird-hipped) – is one of the most 
prevalent ideas in the history of archosaur study. However, a recent large-scale phylogenetic analysis 
of early dinosaurs challenged this view (see chapter 3) and presented an alternative hypothesis in 
which Ornithischia and Saurischia did not share a sister-taxon relationship; Ornithischia and 
Theropoda were found to be sister taxa (within a monophyletic Ornithoscelida), and a monophyletic 
Saurischia was recovered that comprised Sauropodomorpha and Herrerasauridae but not Theropoda. 
The Ornithoscelida-Saurischia (= Ornithoscelida-Pachypodosauria) model has subsequently been re-
evaluated by a number of other studies and each of these has added to and modified the dataset of the 
original study. Here we present the most up-to-date version of the dataset, combining the many 
additions of the follow-up studies, as well as adding new characters and taxa. This study has analysed 
a far greater number (124) of taxa than the original study, drawing from the broadest possible range 
within the earliest diverging subsidiary clades of Dinosauria. This study recovers Ornithischia as 
closer to theropod dinosaurs than to sauropodomorphs, providing further support for the 
Ornithoscelida model. However, the topology recovered here differs in a number of ways from that of 
the original study and a number of new clades and cladistics definitions are given to reflect this and 
provide a stable framework for future revisions. Theropoda is redefined as a stem-based clade, and, in 
this scheme, includes Ornithischia and Ornithoscelida within it. Furthermore, this study finds no 
evidence for a monophyletic Saurischia, removing the need for this name entirely. Herrerasauria is 
found outside of Dinosauria, as is the contemporaneous Pisanosaurus mertii, which we recover as a 
member of Silesauridae. The clade Plateosauromorpha is erected for the clade of sauropodomorphs 
more closely related to Diplodocus carnegii than to Saturnalia tupiniquim. The Early Jurassic 
(Sinemurian) neotheropod known as ‘Merosaurus newmani’ from Great Britain is recovered within 
Ceratosauria providing further evidence for the presence of this clade in the earliest stages of the 
Jurassic Period.  
 
7.1 Introduction. In Chapter 3 I presented the first serious challenge to the traditional scheme of 
dinosaur classification that has stood for almost 130 years and forced a critical re-evaluation of a 
number of hypotheses surrounding the clade’s origin and the earliest radiations within it. This was 
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done through the construction of the large early dinosaur dataset, which was then tested and expanded 
upon in Chapters 4-6.  
This study integrates the results and data presented in Chapters 3–6 and adds a number of additional 
dinosaurian taxa and characters to an expanded version of the original dataset. The aim is to test, 
through parsimony based phylogenetic analyses, the strength and validity of the Ornithoscelida model 
of dinosaur evolution when compared to more traditional models (e.g., Seeley 1887; Ezcurra 2010) 
and various other hypotheses (Paul 1984; Bakker 1986; Ferigolo & Langer 2007; Cabreira et al. 2016). 
This work constitutes the largest and most inclusive analysis of early dinosaurs since the advent of 
dinosaur phylogenetic studies in the 1980s (Gauthier 1986) and should allow objective testing of the 
interrelationships between the main dinosauromorph clades without any a priori assumptions about 
the positions of taxa within the dinosaurian lineage.  
 
7.2 Material & Methods. The dataset from Chapter 3, with the modifications made in Chapters 4-6, 
was further expanded through the alteration, addition and merging of numerous characters and the 
addition of a further 50 taxa. Taxa were scored from a combination of personal observations, 
information from the literature and unpublished photographs.  
 
7.2.1 Taxa. The taxa in this analysis were chosen with the aim of assessing the broadest possible 
sample of Triassic and Early Jurassic dinosaurs and other dinosauromorphs. As many as possible of 
the earliest known, taxonomically valid members of the major lineages within Dinosauromorpha were 
included, including all known silesaurids and lagerpetids. Ornithischia is represented by a large 
number of heterodontosaurids from the Jurassic Period, as well as early members of Thyreophora and 
Neornithischia. Some more derived ornithischian taxa, such as Stegosaurus stenops, were also 
included to provide the best possible sample of ornithischian anatomy. Theropoda is represented by all 
known basal forms, as well a select sample of early members from more derived subsidiary theropod 
clades, such as Ceratosauria (Ceratosaurus nasicornis and Elaphrosaurus bambergi) and Tetanurae 
(Megalosaurus bucklandii). Sauropodomorpha is represented by all known, valid basal taxa, such as 
Saturnalia tupiniquim and Buriolestes shultzi, as well as many members of the slightly more derived 
clade Plateosauria, including massospondylids, ‘riojasaurids’, melanorosaurids, other derived 
sauropodiforms and a handful of Middle Jurassic sauropods, such as Barapasaurus tagorei and 
Shunosaurus lii. For a full list of the operational taxa used in this study, as well as information of their 
age, provenance and representative material, see Appendix 1. Characters used in this analysis are 
listed in Appendix 2, section 2.2. Character scores for each OTU are listed in Appendix 3, section 3.2.  
 
165 
 
7.2.2 New Characters  
7.2.2.1 New Cranial Characters 
4. Skull shape: 0, with a deep snout (depth of skull just anterior to the orbit is subequal to depth 
of the rostral portion of the skull); 1, tapered rostrally (depth of skull just anterior to the orbit is far 
greater than the depth of the rostral portion of the skull). NEW 
The skulls of many early dinosaurs and dinosauromorphs start to taper anteriorly, decreasing in 
dorsoventral height anterior to the orbits, as seen in Eoraptor lunensis and Heterodontosaurus tucki. If 
the depth of the skull around the location of the external naris is subequal to the depth of the skull 
around the orbital area of a particular taxon then the taxon would be scored as 0 for this character. 
 
13. Second anterior premaxillary foramen (often connected to the premaxillary foramen by a 
distinct anteroventrally oriented groove): 0, absent; 1, present. NEW 
A second foramen, anterior to the premaxillary foramen, was described as present on the anterior-most 
portion of the lateral surface of the premaxilla of Lesothosaurus diagnosticus and cited as an 
autapomorphy of this taxon (Sereno 1991). Other studies have refuted the presence of this feature in L. 
diagnosticus and its status as a potential autapomorphy of the taxon (Butler 2005). However, findings 
presented in Chapter 2 demonstrated that it ought to be considered as a valid as an autapomorphy, 
based upon its distribution among early ornithischian specimens. This foramen lies anterior to the 
premaxillary foramen and is connected to it by a shallow groove and is only found in Lesothosaurus 
diagnosticus among ornithischian dinosaurs, confirming its status as a valid autapomorphy. All other 
ornithischians, as well as all sauropodomorphs and herrerasaurids that preserve an anterior premaxilla, 
lack such a feature. As knowing the state of this character is dependent on the possession of a 
premaxillary foramen, taxa that do not preserve a premaxillary foramen (i.e., taxa scored as (0) for 
character 12) are scored as (-) for this character, as it is inapplicable to them. Those taxa that do 
preserve a premaxillary foramen, but lack the second, anterior premaxillary foramen, such as 
Heterodontosaurus tucki are scored as (0) for this character. Interestingly, two derived theropods that 
were looked at in this study possess a second, anterior premaxillary foramen, similar to that seen in 
Lesothosaurus diagnosticus: Dilophosaurus wetherilli and Dracovenator regent. These taxa are 
unique among the theropods looked at in this study and are scored as (1) for this character. 
 
31. Additional opening(s) in the antorbital fenestra (promaxillary foramen), shape: 0, wide and 
circular; 1, narrow recess or slit-like. NEW 
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Among those taxa that possess one, the shape of the anterior opening in the antorbital fossa (= 
promaxillary foramen) varies. In the ornithischian Heterodontosaurus tucki this opening forms a 
narrow slit. In other taxa that possess a foramen, such as the theropod Dilophosaurus wetherilli and 
the silesaurid taxon Silesaurus opolensis, this foramen is circular and somewhat wider than that seen 
in Heterodontosaurus tucki. For taxa that do not possess any kind of additional opening or fossa in the 
antorbital fossa (e.g., Herrerasaurus ischigualastensis), this character is inapplicable and is therefore 
scored as (-).  
 
33. Maxilla, rostrolateral surface between the ventral border of the antorbital fossa and the 
alveolar margin is pierced by a small foramen: 0, absent; 1, present. NEW 
A small, circular foramen can be observed on the lateral surface of the maxilla, in the area between the 
anteroventral corner of the antorbital fossa/fenestra and the maxillary alveolar margin, in a number of 
dinosaurs and dinosauromorphs. This foramen is distinct from the row of small foramina that is often 
present just dorsal to the ventral margin of the maxilla in dinosauromorphs. This feature is best seen in 
Agnosphytis cromhallensis, but is also present in Sacisaurus agudoensis and 
Lewisuchus/Pseudolagosuchus, as well as several of the theropod and sauropodomorph taxa examined 
in this study. The presence of this foramen seems to unite the plateosaurid sauropodomorphs 
Plateosaurus englhardti and Unaysaurus toletinoi, both of which are scored as (1) for this character. 
In addition to plateosaurids, the sauropodomorph Pampadromaeus barberenai also possesses a small 
foramen in this location. However, other sauropodomorphs, such as Efraasia minor and 
‘massospondylids’ like Massospondylus carinatus, lack this foramen. These taxa, along with 
herrerasaurids, like Herrerasaurus ischigualastensis and Sanjuansaurus gordilloi, which also lack a 
distinct foramen in this area of the maxilla, are scored as (0) for this character. In the theropod taxa 
looked at in this study, the distribution of this character is more complicated. While Eodromaeus 
murphi, Dilophosaurus wetherilli, Dracoraptor hanigani, Panguraptor lufengensis and ‘Syntarsus’ 
kayentakatae possess a foramen on the anterolateral (= rostrolateral) surface of the maxilla, and are 
therefore scored as (1) for this character, other theropods lack this foramen (e.g., Eoraptor lunensis, 
Tawa hallae and Coelophysis bauri). Those theropods lacking a foramen are scored as (0) for this 
character, as are the chosen outgroup taxa. 
 
49. Dorsal crest(s) on the skull, formed by dorsoventral expansion of the lacrimals and/or nasals 
(naso-lacrimal crest): 0, absent; 1, present. NEW 
A dorsal crest on the skull that is formed by the lacrimal or nasal (or both) is present in a number of 
theropod taxa. Of the theropods examined, a dorsal crest (naso-lacrimal crest) is present in 
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Cryolophosaurus ellioti, Dilophosaurus wetherilli, Draovenator regenti, Sinosaurs triassicus, 
‘Syntarsus’ kayentakatae and Zupaysaurus rougieri. All of these taxa are scored as (1) for this 
character. All other taxa are scored as (0) for this character.  
 
69. Lateral temporal fenestra, maximum anteroposterior length of ventral half: 0, more than twice 
the maximum anteroposterior length of the dorsal half; 1, less than twice the maximum anteroposterior 
length of the dorsal half; 2, maximum anteroposterior length of the dorsal half is greater than that of 
the ventral half. NEW, ORDERED 
The lateral temporal fenestra in the archosauromorph Euparkeria capensis is considerably wider in its 
ventral half than in its dorsal half (the anteroposterior length of ventral half is more than twice the 
anteroposterior length of the dorsal half). This morphology is also present in herrerasaurids, such as 
Herrerasaurus ischigualastensis and Sanjuansaurus gordilloi, and some sauropodomorphs, such as 
Massospondylus carinatus and Yunnanosaurus huangi, as well as the rauisuchid Postosuchus 
kirkpatricki. These taxa are scored as (0) for this character. In other taxa, the anteroposterior length of 
ventral half is subequal to that of the dorsal half, for example in the plateosaurid sauropodomorphs 
Plateosaurus engelhardti and Unaysaurus toletinoi. These taxa are scored as (1) for this character. All 
theropods looked at in the study are also scored as (1) as they do not possess ventrally widened 
fenestrae. Genasaurian ornithischians, such as Agilisaurus louderbacki and Lesothosaurus 
diagnosticus, have a morphology that is similar to that of theropods, whereas heterodontosaurids, for 
example Manidens condorensis, have a unique condition in which the dorsal half of the lateral 
temporal fenestra is considerably wider anteroposteriorly than the ventral half; this is the reverse of the 
condition in herrerasaurids and some sauropodomorphs. For heterodontosaurids a character score of 
(2) is given.  
 
72. Form of contact between the quadratojugal and the squamosal: 0, small, thin point contact; 1, 
large, quadratojugal has broad contact with the ventral margin of the descending process of the 
squamosal as a butt joint; 2, large, quadratojugal has broad contact with the posterior margin of the 
descending process of the squamosal as an elongate scarf joint. NEW, ORDERED 
In those taxa in which the quadratojugal and squamosal articulate, a range of contact types can be 
observed. In herrerasaurids, such as Herrerasaurus ischigualastensis, and sauropodomorphs, such as 
Plateosaurus engelhardti and Massospondylus carinatus, the articulating tips of the two processes 
meet at a point contact. Taxa that exhibit this morphology are scored as (0) for this character. This 
morphology, while absent in most theropods, is present in some early theropods such as Coelophysis 
bauri and ‘Syntarsus’ kayentakatae. However, in most theropods, such as Dilophosaurus wetherilli 
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and Panguraptor lufengensis (as well as earlier forms such as Eoraptor lunensis and Tawa hallae), the 
contact between the processes is a large, broad butt joint. This is also the case in heterodontosaurid 
ornithischians, such as Heterodontosaurus tucki and Manidens condorensis. In other ornithischian 
taxa, such as Lesothosaurus diagnosticus the contact is broader still and takes the form of a scarf joint, 
with the posterior surface of the descending process of the squamosal and the anterior surface of the 
quadratojugal contacting each other along a dorsoventrally elongate articulation. This morphology is 
also present in the theropods Sinosaurus triassicus and Zupaysaurus rougieri.  
 
121. Dentary, anterior swelling: 0, absent; 1, present, anterior end is expanded dorsoventrally just 
posterior to the anterior tip. NEW 
In the majority of plateosaurian sauropodomorphs examined, the anterior end of the dentary expands 
dorsoventrally to form a distinct ventral bulge. This morphology can be seen in taxa like Plateosaurus 
engelhardti and Massosspondylus carinatus, as well as more derived sauropodomorphs such as 
Aardonyx celestae and Tazoudasaurus naimi. A similar morphology appears to be present in some 
ornithischians, for example in heterodontosaurids like Heterodontosaurus tucki and Tianyulong 
confuciusi. In other ornithischians, including most genasaurians, as well as in all theropods, 
herrerasaurids, ‘basal’ sauropodomorphs (e.g., Pantydraco caducus, Pampadromaeus barberenai) and 
all silesaurids, the dentary does not possess this anteriorly positioned dorsoventral expansion. In these 
taxa the dorsal and ventral margins of the dentary are parallel or converge gently right towards the tip. 
 
134. Foramen located on the dorsal (and sometimes lateral) face of the surangular (surangular 
foramen): 0, present; 1, absent. NEW 
Many taxa possess a foramen or foramina on the dorsal and posterolateral areas of the surangular bone 
of the mandible. In many sauropodomorph taxa, such as Leyesaurus marayensis and Coloradisaurus 
brevis the anteriorly positioned foramen on the dorsal surface of the surangular is present and is 
commonly  referred to as the surangular foramen. Other taxa, such as Herrerasaurus ischigualastensis 
and Eocursor parvus also possess a similarly positioned foramen. In Eoraptor lunensis and 
Lesothosaurus diagnosticus a foramen is clearly visible on the posterior portion of the dorsal surface 
of the surangular, but whether or not this is homologous to the type of foramen that is seen in many 
sauropodomorph taxa is uncertain; some taxa, such as Adeopapposaurus mognai and Ceratosaurus 
nasicornis seem to possess a foramen in both the anterior and posterior portions of the dorsal surface 
of the surangular, suggesting that it might not be homologous. Character 140 of the study is designed 
to capture the range or morphologies that are observed in the taxon sample and this character is 
reserved only for the absence/presence of foramen/foramina in the surangular.  
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135. Surangular foramen: 0, both foramen (anterior, dorsally positioned and posterior, laterally 
positioned) remain open; 1 only the foramen on the dorsal surface of the surangular, anterior to or at 
the point of maximum mandibular depth remains open; 2, only the foramen located laterally, posterior 
to the point of maximum mandibular depth remains open. NEW 
The absence/presence of a foramen/foramina on the surangular is described by character 134. As 
mentioned above, this foramen, or these foramina, can have multiple forms and positions on the 
surangular and often multiple foramina can be observed. In Euparkeria capensis and Postosuchus 
kirkpatricki there are two foramina, positioned anteriorly and posteriorly on the dorsal surface of the 
surangular. Because this morphology appears in the outgroup taxa, all taxa that possess two foramina 
in these positions are scored as (0). In many taxa there is only one foramen. In many 
sauropodomorphs, such as Coloradisaurus brevis, it is located anteriorly and is often called the 
surangular foramen9. Such taxa are scored as (1) for this character. In a single foramina is located 
posteriorly (and often in a lateral position) on the surangular, in theropod taxa, like Eoraptor lunensis 
and Coelophysis bauri, and also in many ornithischians, for example Lesothosaurus diagnosticus. 
Such taxa are scored as (2) for this character. This character is not treated as ordered because there is 
currently no certainty regarding the exact homologies of the character states. 
 
140. Retroarticular process, upturn: 0, present and strong, retroarticular forms nearly a right angle 
with the rest of the mandible; 1, present and subtle, retroarticular is slightly upturned at its distal end; 
2, absent, retroarticular extends straight out from the caudal part of the mandible, or turns slightly 
downward. NEW, ORDERED 
In Euparkeria capensis the retroarticular is strongly upturned and forms almost a right angle with the 
mandible. This is also the morphology present in silesaurids, such as Silesaurus opolensis and 
Asilisaurus kongwe, and in herrerasaurids, such as Herrerasaurus ischigualastensis. In other taxa, 
such as the basal sauropodomorphs Pampadromaeus barberenai and Panphagia protos, the 
retroarticular is angled upward, but to a much lesser degree than in silesaurids and herrerasaurids. In 
theropods and ornithischians the retroarticular is extends posteriorly with little to no upturn. The only 
notable exception among theropods is in Tawa hallae, which appears to possess a very strongly 
upturned process that is much more similar in appearance to that of Herrerasaurus ischigualastensis.  
 
175. Conical, often unserrated tooth crowns: 0, absent, 1, present together with serrated crowns, 2, 
encompasses all dental elements of maxilla and dentary NEW, ORDERED 
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Many sauropodomorphs possess some concial and unserrated teeth in the anterior portion of the 
dentary, for example Pantydraco caducus, Plateosaurus engelhardti, Massospondylus carinatus and 
Riojasaurus incertus. These teeth are usually not the only tooth type in the dentary, with most taxa 
also possessing larger recurved and serrated teeth and/or leaf-shaped and denticulate teeth. In 
Herrerasaurus ischigualastensis the dentition is composed almost exclusively of serrated and recurved 
teeth but a small (smaller than the majority of other teeth) conical and unserrated tooth is present in the 
anterior part of the dentary, in the same position as the small, unserrated teeth present in many 
sauropodomorphs. Furthermore, a number of heterodontosaurids also possess conical, unserrated teeth 
in the anterior portion of the tooth row, for example Heterodontosaurus tucki. All taxa that possess 
such teeth are scored as (1) for this character. 
 
7.2.2.2 New Postcranial Characters 
197. Prezygodiapophyseal lamina on the cervical vertebrae: 0, absent; 1, present. NEW 
Extending from the prezygapophyses to the diapophyses on the cervical vertebrae of some taxa is a 
ridge or lamina. In almost all of the sauropodmorphs examined a lamina is present linking these 
processes. The same is true of many theropods (e.g., Coelophysis bauri). No such lamina can be 
observed in ornithischians, with the possible exception of Pisanosaurus mertii, a taxon in which small 
laminae do appear to be present in the cervical vertebrae. Both silesaurids and herrerasaurids on the 
other hand, clearly possess laminae between the prezygapophyses and diapophyses. All taxa that 
possess this feature are scored as (1). Character 205 distinguishes between the different levels of 
development that can be seen between the lamina of the taxa examined in this study, as some taxa 
have well-developed laminae (more derived sauropodomorphs: e.g., Riojasaurus incertus) while 
others retain less well-developed laminae (many theropods: e.g., Eoraptor lunensis). 
 
200. Angle formed between pre- and postzygapophyses on anterior-to-middle cervical vertebrae: 0, 
very large, around 40 degrees, or over; 1, large, around 30 degrees; 2, small, around 20 degrees NEW, 
ORDERED  
The pre- and postzygapophyses of the anterior and middle cervical vertebrae can form a range of 
angles with each other. This character is measured by viewing the vertebrae in lateral view and 
drawing a line along the prezygapohyses that runs parallel to the dorsal and ventral margins. A second 
line must then be drawn running along the postzygapophyses. Where these two lines meet, an angle is 
formed. The angle measured for this character is the angle that is created between the lines beneath the 
postzygapophysis. As has been noted in a recent study of sauropodomorphs, angles can range from 
>40 degrees to <20 degrees11. For example, in the derived massopodan sauropodomorph Pulanesaura 
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eocollum, the angle formed between the pre- and postzygapophyses is around 30 degrees. Hence, this 
taxon, and others that exhibit a similar morphology, are scored as (1) for this character. In contrast, the 
angle formed between the pre- and postzygapophyses in the massospondylid sauropodomorph 
Massospondylus carinatus is much smaller, closer to 20 degrees than 30 degrees. Hence, 
Massospondylus carinatus and taxa that share the same morphology are scored as (2) for this 
character. Most other taxa looked at in this study are scored as (0) for this character.  
 
 
206. Dorsal vertebrae (middle-to-posterior dorsals), neural spine anteroposterior expansion of distal 
end: 0, absent; 1, present, distal end of neural spine is anteroposteriorly longer than base of neural 
spine. NEW 
In many taxa, the dorsal part of the neural spines of the dorsal vertebrae is expanded in the 
anteroposterior plane relative their bases, for example in the dinosauriforms 
Lewisuchus/Pseudolagosuchus and Marasuchus lilloensis. In other taxa, such as Eoraptor lunensis 
and Manidens condorensis this is not the case. The distribution within Sauropodomorpha appears to be 
complex, with basal taxa such as Panphagia protos and Saturnalia tupiniquim exhibiting the dorsal 
expansion, but other taxa, such as Efraasia minor and Yunnanosaurus huangi, lacking the expansion. 
As the neural spines of the dorsal vertebrae in the outgroup taxon Euparkeria capensis appear to be 
unexpanded in their dorsal portions, this morphology is assumed to be the ‘primitive’ state for this 
character and all taxa that exhibit such a morphology are scored as (0) for this character. 
 
207. Posterior dorsal vertebrae, neural spine inclination: 0, anteriorly inclined; 1, vertically or 
posteriorly inclined. NEW  
In Marasuchus lilloensis and Lagerpeton chanarensis the neural spines of the posterior dorsal 
vertebrae are inclined anteriorly. In all dinosaurian taxa looked at in this study the neural spines are 
inclined vertically or posteriorly.  
 
213. Fusion of the sacral neural spines: 0, absent; 1, present. NEW 
In some ornithischian taxa, such as Lesothosaurus diagnosticus and Manidens condorensis, the neural 
spines are fused to one another to form a broad and continuous sheet of bone above the sacral region. 
This feature is also seen in derived theropods such as Megalosaurus bucklandi, Ceratosaurus 
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nasicornis and Elaphrosaurus bambergi, and is often part of a broader fusion of the sacral vertebrae 
series. 
 
219. Possession of a caudosacral vertebra: 0, absent; 1, present. NEW 
The composition of the sacrum varies among the dinosaurian taxa that were looked at in the study, 
with some taxa possessing a dorsosacral, while others possess an “insertion” vertebra between the 
primordial pair. In many taxa, including all of the ornithischians that were looked at in this study, and 
all theropods bar Eodromaeus murphi, the caudal series has been partly incorporated in to the sacrum, 
resulting in the possession of a caudosacral vertebra in such taxa. Many basal sauropodomorphs also 
possess a caudosacral, such as Buriolestes shultzi and Saturnalia tupiniquim. Many derived 
sauropodomorphs also possess a caudosacral, such as Leonerasaurus taquetrensis and Barapasaurus 
tagorei. However, many plateosaurians do not possess a caudosacral, for example, Massospondylus 
carinatus, and these taxa are therefore scored as (0) for this characters. All taxa that possess either a 
single or multiple caudosacral vertebrae are scored as (1) for this character and, given the observed 
distribution among the taxa in this study, it would seem that this condition has been acquired multiple 
times during the evolution of the dinosaurs. Herrerasaurids appears to lack a caudosacral vertebra and 
possess only the primordial sacral pair.   
 
251. Humeral shaft in anterior/posterior view: 0, relatively straight; 1, bowed ventrally. NEW 
The humeri of many dinosaurs and dinosauromorphs appear to be straight along their longitudinal axis 
and are evenly expanded in the proximal half either side of this axis, when viewed anteriorly. 
Examples include the non-dinosaurian dinosauromorphs Ixalerpeton polesinensis and Marasuchus 
lilloensis and the silesaurid dinosauriform Silesaurus opolensis. In such taxa, the proximal expansion 
of the humerus extends roughly evenly to both sides of the midline. In contrast, the condition in any 
theropods, such as Tawa hallae and Megalosaurus bucklandi, as well as ornithischians, such as 
Lesothosaurus diagnosticus and Abrictosaurus consors, is one in which the ventral portion of the 
proximal end is expanded to a far greater degree to the dorsal portion, creating a bowed profile in 
anterior/posterior view. This is also the condition observed in many sauropodomorphs, for example in 
Massospondylus carinatus. This ‘bowed’ condition is absent herrerasaurids and basal 
sauropodomorphs like Buriolestes shultzi. The outgroup taxon Euparkeria possess a humerus that is 
not bowed ventrally in this way and so the possession of a relatively straight humerus is considered to 
be the ‘primitive’ state and all taxa that possess a straight humerus are scored as (0) for this character. 
Something that is worth noting is that the gradual bowing of the humerus through ontogeny is an idea 
that was proposed to explain the intraspecific variation observed in Lesothosaurus diagnosticus in 
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Chapter 2. In this study, Lesothosaurus diagnosticus is scored as (1) for this character, as the larger, 
mature specimens all appear to possess ventrally bowed humeri (see Chapter 2). A similar ontogenetic 
sequence appears to be present in the sauropodomorph Massospondylus carinatus.    
 
254. Humerus, distinct fossa on posterodorsal surface, just below the proximal edge: 0, absent; 1, 
present. NEW 
This feature was originally given as an autapomorphy of the dinosauromorph (and possible early 
dinosaur) Nyasasaurus parringtoni (Nesbitt et al. 2013).  However, this feature can also be seen in 
massospondylid Massospondylus carinatus and Coloradisaurus brevis. In these taxa, the fossa appears 
as a shallow but distinct depression on the posterodorsal surface of the humerus, posterior to the 
deltopectoral crest and below it proximal margin. 
 
260. Form of radial fossa: 0, shallow; 1, deep. NEW 
Many taxa possess a radial fossa on the ulna in some form or other. In some taxa, such as 
Herrerasaurus ischigualastensis and Chromogisaurus novasi, the radial fossa is shallow and poorly 
developed. In other taxa the fossa is deep and well developed and accommodates a large portion of the 
proximal end of the radius. A deep radial fossa is present in taxa such as Antetonitrus ingenipes and 
Kotasaurus yamanpalliensis, as well the ‘true sauropods’ like Cetiosaurus oxoniensis.   Taxa that do 
not possess any kind of radial fossa on the ulna are scored as (-) for this character. 
 
299. Ilium, ridge (or buttress) extending from the middle of the supraacetabular crest to the lateral 
edge of the preacetabular process: 0, absent; 1, present, low and rounded swelling; 2, present, 
pronounced and sharp (buttress). NEW, ORDERED 
Almost all dinosaurs that were examined possess a low, rounded buttress between the midpoint of the 
supraacetabular crest and the preacetabular process. Further to this, silesaurids appear to possess a 
sharp and well developed ridge in the same area of the ilium, for example Silesaurus opolensis and 
Ignotosaurus fragilis. However, other non-dinosaurian dinosauromorphs, such as Marasuchus 
lilloensis and Lagerpeton chanarensis lack such a ridge or buttress. Additionally some derived 
theropods appear to lack a ridge, for example Ceratosaurus nasicornis and Condorraptor currumili. 
The ceratopsian Psittacosaurus also appears to lack any kind of a ridge or buttress in this area, 
although heterodontosaurids and thyreophorans possess a low buttress suggesting that this feature is at 
least present in some members of Ornithischia. The sauropodomorph taxon Saturnalia tupiniquim was 
reported to possess a sharp ridge in this area of the ilium by Nesbitt (2011) but the morphology of this 
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ridge appears to be very different from the sharp ridges that can be seen in silesaurids such as 
Silesaurus opolensis. In Saturnalia tupiniquim the ridge is not connected to the supraacetabular crest 
and does not extend along the preacetabular process as it does in all dinosauromorph taxa that possess 
a ridge or buttress. Instead, in Saturnalia tupiniquim the ‘ridge’ in question appears to be a small tuber 
that is not homologous to the feature described in many other dinosauromorph taxa. Therefore 
Saturnalia tupiniquim is scored as (1) for this character. Herrerasaurids, like most dinosaurs, possess a 
rounded, low ridge, with the exception of Caseosaurus crosbyensis, which possess a sharp ridge (see 
Chapter 5), more similar to that of Silesaurus opolensis. The outgroup taxa Euparkeria capensis also 
appears to lack any kind of a ridge or buttress in this area.  
 
303. Ilium, ischiadic peduncle: 0, part of the main body of ilium, continuous with distal portion of 
the acetabular wall; 1, posterior portion is distinct from the main body of the ilium and the acetabular 
wall, and is a ventrally/posteroventrally extending process. NEW 
In pterosaurs, lagerpetids and non-dinosaurian dinosauriforms the ischiadic peduncle of the ilium is 
almost indistinguishable from the medioventral acetabular wall. In most dinosaurs the peduncle is 
more distinct. In some taxa this is due in part to the reduction of the medioventral acetabular wall, but 
in others it results from mediolateral swelling and ventral extension of the ischiadic peduncle, with the 
latter condition present in Lesothosaurus diagnosticus. Basal sauropodomorphs, like Buriolestes 
schultzi and Saturnalia tupiniquim, possess a well-developed medioventral acetabular wall that merges 
almost indistinguishably with the ischiadic peduncle of the ilium. This group of ‘guaibasaurids’, 
therefore, are scored as (0) for this character. In taxa that have a more easily distinguishable ischiadic 
peduncle a score of (1) is given for this character.  
 
310. Reduction in dorsoventral depth of the ischiadic peduncle of the ilium, peduncle is almost 
completely lost: 0, absent; 1, present. NEW 
In many sauropods, such as Shunosaurus lii and Barapasaurus tagorei, the ischiadic peduncle is 
reduced in dorsoventral depth to such an extent that it is almost absent (Fig. 4). All other taxa 
examined possess larger, distinct ischiadic peduncles. This does not depend on whether the peduncles 
are easily distinguishable from the medioventral acetabular wall or not, i.e., this feature can be scored 
independently of the score for Character 303.  
312. Ilium, extensive, highly rugose areas on the dorsal and lateral surfaces of the pre- and 
postacetabular processes: 0, absent; 1, present. NEW 
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Rugose areas appear of the pre- and postacetabular processes of the ilia of many silesaurids and 
herrerasaurids, such as Silesaurus opolensis and Herrerasaurus ischigualastensis. In Silesaurus 
opolensis and other silesaurids, these rugose areas are circular and smaller and less well-developed 
than in herrerasaurids such as Herrerasaurus ischigualastensis and Staurikosaurus pricei. However, 
the rugose areas are still far more pronounced in silesaurids than in dinosaurian taxa. For all taxa that 
possess such rugose areas, a score of (1) is given for this character. No such rugose areas are present 
on the ilia of ornithischians or theropods. The sauropodomorphs Saturnalia tupiniquim and 
Chromogisaurus novasi possess trapezoidal rugose areas on the posterior portion of the postacetabular 
processes, as does Guaibasaurus candelariensis. However the morphology in these taxa appears to be 
distinct from the type of rounded and bullous areas that can be seen in more anterior positions on the 
postacetabular processes of silesaurids and herrerasaurids. Therefore, as this feature in taxa like 
Saturnalia tupiniquim does not appear to be homologous to the features seen in silesaurids and 
herrerasaurids, the study scores these taxa as (0) for this character.  
 
341. Pubis, median gap below the pubic apron: 0, present; 1, absent, distal pubes swollen and 
contact along their medial surfaces. NEW 
In many basal sauropodomorphs, such as Buriolestes shultzi and Saturnalia tupiniquim the pubic 
aprons are separated distally by a median gap or embayment. This is also the condition in 
herrerasaurids, non-dinosaurian dinosauromorphs and Eodromaeus murphi. In theropods like 
Dracoraptor hanigani, Coelophysis bauri and Ceratosaurus nasicornis the distal pubes are swollen 
mediolaterally to close this gap.   
 
344. At least some fusion of the pelvic elements (ilium, ischium pubis fused at their points of 
contact): 0, absent; 1, present. NEW 
In coelophysids like Coelophysis bauri and ‘Syntarsus’ kayentakatae, and in Dilophosaurus wetherilli 
the ilium, ischium and pubis appear to be fused or partially fused at their points of contact with each 
other. This feature appears to be restricted to basal neotheropods and does not appear in derived 
theropod taxa like Ceratosaurus nasicornis or Megalosaurus bucklandi, nor in any sauropodomorphs 
or ornithischians.  
 
359. Dorsolateral trochanter, fusion to the anterior trochanter: 0, absent, anterior trochanter and 
dorsolateral trochanter are separated by a gap; 1, present. NEW 
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In ornithischians, such as Heterodontosaurus tucki the dorsolateral trochanter merges and is fused 
distally to the anterior trochanter. This is also seen in some derived theropods, such as 
Eustreptospondylus oxoniensis and Megalosaurus bucklandii. In most taxa that possess a dorsolateral 
trochanter, the anterior trochanter is separated distally from it and the two trochanters. 
 
379. Flange projecting from the mediocranial corner of the distal end of the femur: 0, absent; 1, 
present. NEW 
A distinct flange is present on the mediocranial corner of the distal end of the femur in a number of 
lagerpetid taxa, including Dromomeron spp. However, the lagerpetids Ixalerpeton polesinensis and 
Lagerpeton chanarensis lack this crest, which is also the condition present in almost all dinosaurs. 
Euparkeria capensis, Postosuchus kirkpatricki and Dimorphodon macronyx also lack a crest in this 
area, suggesting that its absence is the ‘primitive’ condition. The unnamed lagerpetid PVSJ 883 also 
seems to possess a ridge, hinting at a closer relationship with Dromomeron within Lagerpetidae than 
Lagerpeton chanarensis or Ixalerpeton polesinensis for this specimen. The neotheropods 
Elaphrosaurus bambergi and Cryolophosaurus ellioti appear to possess a similar crest in this area of 
the femur, but this appears to have been acquired convergently.    
 
380. Form of mediocranial flange: 0, rounded, poorly developed; 1, sharp, distinct. NEW 
The flange that is described by Character 379 of this study can be present as either a rounded and 
poorly developed ridge, as in Dromomeron gregorii, or as a sharp and distinct ridge, as in 
Dromomeron romerii and Dromomeron gigas. The condition of the flange in PVSJ 883 is 
unassessable as the ridge in broken distally. The neotheropods Elaphrosaurus bambergi and 
Cryolophosaurus ellioti possess a rounded ridge.    
 
381. Medial border of medial condyle of the femur in distal view: 0, straight or convex; 1, concave. 
NEW 
The lagerpetids Dromomeron romerii, Dromomeron gregorii and Ixalerpeton polesinensis all have a 
concave medial border of the distal end of the femur. All other taxa looked at in this study, including 
Lagerpeton chanarensis, possess a straight or convex medial margin of the distal end of the femur. 
The condition in Dromomeron gigas is currently unassessable due to the incomplete nature of the 
holotype and only known specimen.  
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382. Medial condyle of the distal end of the femur in anterior/posterior view: 0, as distally 
extensive as the lateral (= fibular) condyle; 1, much more extensive distally than the lateral condyle. 
NEW 
In sauropods, such as Cetiosaurus oniensis and Isanosaurus attavipachi the condyles of the distal end 
of the femur are distally expanded to different degrees, with the medial condyle of the femur 
expanding further distally than the lateral (= fibular) condyle. This is also the case in Laquintasaura 
venezuelae. However, all other taxa looked at in this study have roughly equally distally expanded 
distal condyles.   
 
393. Lateral migration of the proximodistally oriented groove on the distal tibia: 0, absent; 1, 
present. NEW 
In the distal tibiae of both ornithischians and theropods the proximodistally oriented groove, which is 
for the articulation with the ascending process of the astragalus, is positioned more posteriorly and 
laterally than the groove in sauropodomorphs, most herrerasaurids and non-dinosaurian 
dinosauromorphs. The North American taxon Chindesaurus bryansmalli also exhibits a similar 
morphology to most ornithischian and theropod taxa.      
 
395. Tibia, proximodistally oriented ridge on the posterior face of the distal end: 0, absent; 1, 
present. NEW 
In a number of coelophysid theropods, such as Coelophysis bauri and Camposaurus arizonensis, a 
small but distinct ridge runs proximodistally along the posterior face of the distal end of the tibia, 
originating at a point just proximal to the medial margin of the distal end of the tibia. A similar ridge is 
also seen in some heterodontosaurids, such as Fruitadens haagarorum and Abrictosaurus consors. 
However, no such ridge is present in genasaurian dinosaurs, such as Lesothosaurus diagnosticus and 
Jeholosaurus shangyuanensis. Furthermore, a ridge is absent in a number of theropod taxa, for 
example Dilophosaurus wetherilli, and herrerasaurids and sauropodomorphs. Pterosaurs and non-
dinosaurian dinosauromorphs do not appear to possess such a ridge either. The condition of the 
posterior face of the distal end of the tibia is unknown in the outgroup taxa Euparkeria capensis and 
Postosuchus kirkpatricki, and so we must assume that, based upon the condition in non-dinosaurian 
dinosauromorphs and pterosaurs, the absence of a proximodistally oriented crest represents the 
‘primitive’ condition for this character.  
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398. Distal articular surface of tibia, forms an oblique angle with the long axis of the tibia in 
anterior and posterior views: 0, absent, inner and outer malleoli are roughly level with one another 
distally, forming a near right angle between the articular surface the condyles form and the long axis; 
1, present, outer malleolus extends further distally than the inner malleolus creating an oblique 
between the articular surface and the long axis; 2, present, inner malleolus extends further distally. 
NEW   
In most theropods and most ornithischians the distal margin of the tibia forms an oblique angle with 
the horizontal plain as the outer malleolus extends further distally than the inner malleolus. Examples 
of this can be seen in Coelophysis bauri, Zupaysaurus rougieri, Heterodontosaurus tucki and 
Lesothosaurus diagnosticus. In some more derived thyreophorans, such as Scutellosaurus lawleri and 
Scelidosaurus harrisonii the reverse is the case and the inner malleolus extends further distally than 
the outer does. In most taxa looked it in this study, including pterosaurs, the majority of non-
dinosaurian dinosauromorphs, herrerasaurids and almost all sauropodomorphs, the two distal malleoli 
of the tibia extend by roughly equivalent amounts distally.     
 
414. Astragalus in distal view, symmetry: 0, astragalar body is fairly symmetrical, medial and 
lateral margins are about equal in depth; 1, astragalar body is strongly asymmetrical, medial margin is 
at least 1.4 times as deep as lateral margin. NEW 
When viewed either proximally or distally, the astragalus in some taxa appears to be anteroposteriorly 
longer medially than it is laterally, creating an asymmetrical proximal/distal profile. Here the partition 
between character states (0) and (1) is set at having over 1.4 times greater anteroposterior depth on the 
medial margin in proximal/distal view than the lateral margin. This ratio was chosen as it seems to 
best capture the clear divide between the taxa that possess extremely asymmetrical and essentially 
symmetrical astragali. In this study, most sauropodomorphs appear to possess a very asymmetrical 
astragalus, including non-plateosaurians like Saturnalia tupiniquim and Panphagia protos, as well as 
most plateosaurians. Some derived sauropodiforms appear to have more symmetrical astragali, for 
example Tazoudasaurus naimi, but this seems, given its distribution among sauropodomorphs, to be a 
reversal, possible related to increased load bearing in the large, early and transitional ‘true sauropods’. 
The majority of ornithischians and theropods possess fairly symmetrical astragali; interestingly 
Eoraptor lunensis and herrerasaurids possess a highly asymmetrical astragalus, hinting at the fact this 
feature might represent a primitive dinosaurian condition. All non-dinosaurian dinosauromorphs poses 
a fairly symmetrical astragalus, whereas the outgroup taxon Euparkeria capensis has a fairly 
asymmetrical astragalus, leaving the interpretation of which condition is ‘primitive’ and ‘derived’ 
open.   
   
179 
 
 
433. Fusion of distal tarsals to proximal ends of metatarsals: 0, absent; 1, present. NEW 
In many ornithischians, such as Heterodontosaurus tucki and Lesothosaurus diagnosticus, as well as 
many neotheropods, such as coelophysids and Ceratosaurus nasicornis, the distal tarsals take the form 
of a bony ‘cap’ that is fused almost indistinguishably to the proximal ends of the metatarsals. Most 
other taxa do not exhibit this fused condition but instead have ‘free’ distal tarsals, including all 
silesaurids, herrerasaurids and sauropodomorphs. If the distal tarsals are not preserved but the 
metatarsals are complete and do not appear to have been ‘capped’ by anything proximally, as is the 
case in many taxa, then the taxon in question is scored as (0) for this character.  
 
7.2.3. Characters Modified From Previous Studies. 
7.2.3.1 Modified Cranial Characters 
 
8. Premaxilla, posterodorsal process (maxillary process, posterolateral process, sub-narial 
process), width: 0, wide, plate-like; 1, thin, bar-like; 2, reduced/absent (modified from Gauthier, 1986; 
Rauhut, 2003; Langer and Benton, 2006; Smith et al., 2007; Nesbitt, 2011). 
A third character state was added for extreme reduction or complete absence of a posterodorsal 
process, as can be seen in some sauropods, for example, Shunosaurus lii.  
 
10. Premaxilla, posterodorsal process (maxillary process, posterolateral process, sub-narial 
process), relationship with anteroventral process of the nasal: 0, broad sutured contact; 1, point 
contact; 2, no contact (modified from Gauthier, 1986; Yates, 2007; Ezcurra 2010). 
A third character state was added for taxa in which there is no contact between the posterodorsal 
process of the premaxilla and the anteroventral process of the nasal, such as the theropods ‘Syntarsus’ 
kayentakatae and Coelophysis bauri, as well the pterosaur Dimorphodon macronyx.  
11. Position of the ventral (oral) margin of the premaxilla: 0, roughly level with the maxillary 
tooth row; 1, deflected ventral to maxillary tooth row; 2, raised, positioned dorsal to the maxillary 
tooth row (modified from Butler et al., 2008).  
A third character state was added for taxa that exhibit a premaxillary oral margin that is raised dorsal 
to the maxillary oral margin, as in most theropods, for example. 
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 24. Level of the anterior margin of the external naris: 0, anterior to the midlength of the 
premaxillary body; 1, posterior to the midlength of the premaxillary body; 2, posterior to the anterior-
most point of the premaxilla-maxilla boundary (modified from Rauhut, 2003; Ezcurra, 2010). 
A third state was added for the condition in which the anterior margin of the external naris not only 
lies posterior to the midlength of the premaxillary body, but actually starts posterior to the 
premaxillary-maxillary suture point in the oral margin. This morphology can be seen in sauropods, 
such as Shunosaurus lii.   
 
28. Fossa present along sutural line of the nasals: 0, absent; 1, present; 2, fenestra (internasal 
fenestra) present (modified from Butler et al., 2008). 
A third state was added for the presence of a fenestra in the same location.  
 
30. Antorbital fenestra, shape: 0, triangular; 1, oval or circular; 2, rectangular; 3, constricted 
anteroposteriorly, with rounded antero- and posteroventral margins, tear-drop shaped (modified from 
Butler et al., 2008). 
A third and fourth state were added for the presence of a rectangular antorbital fenestra, as can be seen 
in Unaysaurus toletinoi, and a teardrop-shaped fenestra, as can be seen in Shunosaurus lii.  
 
39. Antorbital fossa: 0, restricted to the lacrimal; 1, restricted to the lacrimal and dorsal process of 
the maxilla; 2, present on the lacrimal, dorsal process of the maxilla and the dorsal margin of the 
posterior process of the maxilla; 3, absent (the ventral border of the antorbital fenestra) (modified from 
Nesbitt et al., 2009c; Nesbitt, 2011). ORDERED 
A fourth character state was added for the complete absence of an antorbital fossa, as is exhibited by a 
number of sauropodiforms, such as Melanorosaurus readi and Shunosaurus lii.  
 
40. Dorsoventral extension of lacrimal antorbital fossa: 0, through more than half of the bone 
height; 1, is restricted to the ventral half of the bone; 2, lacrimal antorbital fossa is lost completely, 
despite the presence of a maxillary antorbital fossa (modified from Langer, 2004; Pol et al., 2011b). 
ORDERED 
A third character state was added for taxa that exhibit the condition seen in Anchisaurus polyzelus in 
which the lacrimal antorbital fossa is gone, despite the presence of an antorbital fossa on the maxilla. 
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Therefore, this character state is not strictly homologous to the fourth characters state of Character 39, 
as in taxa scored as (3) for Character 39, an antorbital fossa is completely lost on both the maxilla and 
lacrimal.    
 
41. Nasal: 0, does not possess a posterolateral process that envelops part of the anterior (rostral) 
ramus of the lacrimal; 1, possesses a posterolateral process that envelops part of the anterior ramus of 
the lacrimal; 2, possesses a posterolateral process that envelops part of the dorsal process (= nasal 
process) of the maxilla (modified from Yates, 2003; Langer and Benton, 2006; Nesbitt, 2011). 
ORDERED 
A third character state was added for the condition in which the nasal does possess a posterolateral 
process that, rather than enveloping the anterior ramus of the lacrimal, overlaps a portion of the 
maxilla. This condition can be seen in the theropods Zupaysaurus rougieri and Panguraptor 
lufengensis.  
 
57. Anterior ramus of jugal, proportions: 0, deeper than wide; 1, wider than deep (modified from 
Butler et al., 2008). 
58. Anterior ramus of jugal: 0, not as deep as the posterior ramus of the jugal; 1, deeper than the 
posterior ramus of the jugal (modified from Butler et al., 2008). 
These two character were produced by the splitting of a single multistate character from the study by 
Butler et al. (2008).  
 
61. Ornamentation on jugal: 0, absent; 1, present as small rugose surface; 2, present as well 
developed jugal boss/jugal horn (modified from Butler et al., 2008). ORDERED 
This multistate character was produced by merging two characters from the study by Butler et al. 
(2008). It is treated as ordered to homologise the presence of ornamentation on the jugal.  
 
68. Ratio of minimum depth of jugal below the orbit to the distance between the anterior end of 
the jugal and the anteroventral corner of the infratemporal fenestra: 0, less than 0.2; 1, roughly equal to 
or greater than 0.2; 2, depth of jugal is sub-equal to the distance between the anterior end of the jugal 
and the anteroventral corner of the infratemporal fenestra (modified from Galton, 1985; Yates, 2007; 
Ezcurra 2010). ORDERED 
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A third character state is added for the possession of a jugal that is as deep below the orbit as it is 
anteroposteriorly long. This can be observed in sauropods such as Shunosaurus lii.  
 
 80. Paraquadratic foramen, position: 0, on quadrate-quadratojugal boundary; 1, located within 
quadratojugal; 2, located within the quadrate (modified from Butler et al., 2008). 
A third character state is added for the possession of a paraquadratic foramen that is located entirely 
within the quadrate, as in Shunosaurus lii. 
 
87. Paroccipital process: 0, extends laterally or dorsolaterally; 1, extends ventrally or 
ventrolaterally (Rauhut, 2003; Ezcurra, 2010; Nesbitt, 2011). 
88. Paroccipital process: 0, expanded distally; 1, distal end pendent (modified from Rauhut, 2003; 
Ezcurra, 2010; Nesbitt, 2011). 
These characters were produced by splitting one character in to two; one character captures the 
orientation of paroccipital process and other the level of distal expansion. These characters and their 
states (0) and (1) are not correlated to one another and so should be treated separately.  
 
92. Exoccipital, relative positions of the exits of the hypoglossal nerve (XII): 0, aligned in a nearly 
anteroposterior plane; 1, aligned sub-vertically; 2, combined into single exit (modified from Nesbitt, 
2011).  
A third character state is added for the condition in which the exits for the hypoglossal nerve are 
combined into a single exit, as in Jeholosaurus shangyuanensis and Sinosaurus triassicus.  
 
106. Basipterygoid processes, orientation: 0, anterior as well as ventrolateral or anteroventral; 1, 
entirely ventral; 2, posteroventral (modified from Butler et al., 2008) 
A third character state was added for the possession of a posteroventrally oriented basipterygoid 
processes, as can be observed in Sarahsaurus aurifontanalis, Coloradisaurus brevis and 
Spinophorosaurus nigerensis.  
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125. Dentary tooth row (and edentulous anterior portion) in lateral view: 0, relatively straight; 1, 
anterior end downturned; 2, anterior end strongly upturned (dentary ventrally bowed) (modified from 
Butler et al., 2008 and Nesbitt, 2011). 
A third character state was added for the condition in taxa like Silesaurus opolensis and Manidens 
condorensis where the dentary has an upturned anterior end. This condition is also present to some 
degree in the outgroup taxon Postosuchus kirkpatricki.  
 
 126. Dorsal and ventral margins of the dentary along the posterior two-thirds of the dentary tooth 
row: 0, converge anteriorly; 1, subparallel (modified from Butler et al., 2008). 
The interpretation and wording of this character has been modified from Butler et al. (2008) to 
distinguish it from Character 120 of this study. Here, only the posterior two-thirds of the dentary are 
considered when scoring this character. A taxon that possesses a dentary that tapers in its anterior third 
would not be scored as (0) for this character. The vast majority of sauropodomorphs exhibit the 
subparallel condition, with the exceptions of the basal forms Pampadromaeus barberenai and 
Pantydraco caducus. Herrerasaurids, some theropods and some ornithischians also exhibit the 
subparallel condition, but with all coelophysids and most silesaurids exhibiting an anteriorly 
converging condition. The outgroup taxon Euparkeria capensis has an anteriorly narrowing posterior 
portion of the dentary, while Postosuchus kirkpatricki appears more similar to most of the dinosaur 
taxa.    
 
150. Maxillary and dentary crowns, shape: 0, blade-like, with continuous mesial and distal edges; 
1, sub-triangular or 'diamond shaped', with a distinct kink present on the mesial and distal edges 
(modified from Sereno, 1986; Butler et al., 2008; Nesbitt, 2011). 
151. Maxillary and dentary crowns, dimensions: 0, apicobasally taller than they are mesiodistally 
wide; 1, apicobasally shorter than they are mesiodistally wide.  
These two characters were produced by splitting a character used by Butler et al. (2008) into two parts. 
This was done in order to separate out the shape and the dimensions of the maxillary and dentary teeth 
of some taxa; many ornithischian taxa possess diamond shaped teeth that are still apicobasally taller 
than they are wide, for example Laquintasaura venezuelae and Heterodontosaurus tucki.   
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161. Dentition: 0, homodont; 1, slightly heterodont, with small observable changes across tooth 
rows; 2, markedly heterodont, clearly distinct types of teeth present (modified from Parrish, 1993; 
Nesbitt, 2011). ORDERED 
This character was modified in to a multistate character from a binary state one. This was done to 
differentiate between the marked heterodonty in heterodontosaurids and the general heterodonty 
observed in many dinosauriform taxa; many sauropodomorphs and theropods possess a range of tooth 
morphologies simultaneously, for example Dilophosaurus wetherilli, which possesses a number of 
small, more conical teeth anterior to the largely ziphodont dentition. This is also the case in 
coelophysids. Basal sauropodomorphs, such as Buriolestes schultzi and Pampadromaeus barberenai 
possess a mixture of recurved and serrated ziphodont-like teeth in the middle and posterior portions of 
the maxilla and more mesiodistally expanded, leaf-like teeth in the premaxilla and anterior portion of 
the maxilla. This character does not describe the individual type of heterodonty, and this is partly 
covered by Character 163. 
 
162. Heterodont dentary dentition: 0, no substantial heterodonty is present in dentary dentition; 1, 
single, enlarged, caniniform anterior dentary tooth, crown is not mesiodistally expanded above root; 2, 
multiple anterior dentary teeth are recurved but are not enlarged relative to other non-recurved dentary 
teeth; 3 multiple anterior dentary teeth are recurved and are enlarged relative to other dentary teeth; 4, 
anterior dentary teeth are followed by a row of numerous minuscule teeth (modified from Butler et al., 
2008). 
While Butler et al. (2008) used a similar character, this character has been modified substantially to 
capture the range of heterodont dentary dentition morphologies exhibited by avemetatarsalians. Most 
heterodontosaurids possess enlarged, recurved caniniform teeth, whereas as other ornithischians, such 
as Agilisaurus louderbacki possess multiple recurved teeth that are not enlarged. Basal 
sauropodomorphs, such as Buriolestes schultzi, Pampadromaeus barberenai and Panphagia protos 
also possess multiple recurved teeth in the anterior portion of the dentary, but unlike the anterior teeth 
of ornithischians like Agilisaurus louderbacki, these teeth are much enlarged relative to the posterior 
dentary teeth. A fourth character state is added for the condition in pterosaurs, such as Dimorphodon 
macronyx, which, as its name suggests, also possess a number of differing tooth morphologies; in 
Dimorphodon macronyx the anterior dentary teeth are recurved and slightly conical, with some 
mesiodistal expansion above the root, while the posterior dentary teeth take the form of multiple, 
miniscule, labiolingually compressed diamond-shaped teeth.  
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168. Recurvature in majority of maxillary and dentary teeth: 0, strong recurvature present; 1, weak 
recurvature present; 2, recurvature absent (modified from Butler et al., 2008) ORDERED 
A third character state was added for the presence of reduced recurvature without complete loss, as 
can be seen in the teeth of the ornithischian Laquintasaura venezuelae and the sauropodomorphs 
Pantydraco caducus and Pampadromaeus barberenai. A similar condition is also observed in the teeth 
of the more derived sauropodomorphs Melanorosaurus readi and Cetiosaurus oxoniensis.  
 
169. Maxillary teeth, posterior cutting edge of posterior maxillary teeth: 0, concave or straight; 1, 
convex; 2, concavo-convex or sinusoidal (modified from Sues et al., 2003; Clark et al., 2004; Nesbitt, 
2011). 
A third character state was added for the condition in which the posterior cutting edge of the maxillary 
teeth are sinusoidal in labial/lingual profile. This morphology can be observed in the sauropodomorphs 
Xingxiulong chengi and Cetiosaurus oxoniensis.  
 
179. Canted dentary teeth: 0, absent; 1, present in anterior dentary teeth; 2, present in all dentary 
teeth (modified from Kammerer et al., 2012). ORDERED 
The presence of canted dentary teeth is apparently unique among silesaurids within the sampled taxa, 
with both Diodorus scytobrachion and Sacisaurus agudoensis preserving this morphology. In 
Sacisaurus agudoensis this morphology is apparently restricted to the anterior teeth, whereas in 
Diodorus scytobrachion it appears to be the condition of all dentary teeth.   
 
 
7.2.3.2 Modified Postcranial Characters 
 
218. First primordial sacral, articular surface of sacral rib: 0, circular; 1, ‘C’-shaped in lateral view; 
2, rectangular (modified from Langer and Benton, 2006; Nesbitt, 2011). 
A third character state was added to account for the rectangular shape of the articular surface of the 
first primordial sacral rib that can be seen in ornithischian taxa like Psittacosaurus and Jeholosaurus 
shangyuanensis.  
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224. Distal caudal vertebrae, prezygapophyses: 0, not elongated; 1, elongated beyond the anterior 
surface of the centrum (modified from Gauthier, 1986; Rauhut, 2003; Nesbitt, 2007; Nesbitt, 2011). 
225. Elongated prezygapophyses of the distal caudals: 0, elongated less than ¼ of the length of the 
adjacent centrum; 1, elongated more than ¼ of the length of the adjacent centrum (modified from 
Gauthier, 1986; Rauhut, 2003; Nesbitt, 2007; Nesbitt, 2011). 
These two characters were produced by atomising a single, multistate character in to two binary 
characters as the prezygapophyses of taxa with isolated cervical vertebrae can be assessed for 
elongation, but not the amount of overlap with the preceding centrum. This atomising therefore 
maximises the amount of data that can be captured from less skeletally complete taxa.  
 
233. Sternal plates: 0, absent; 1, present (modified from Butler et al., 2008). 
This character has had a character state removed to make it a simple absent/present binary character.  
 
237. Scapula, blade-shape: 0, strongly expanded distally; 1, weakly expanded, near parallel-sided; 
2, scapula tapers distally (modified from Butler et al., 2008). 
This character has had a third character state added to capture the distally tapering morphology of the 
scapulae of many pterosaurs, including Dimorphodon macronyx.   
 
257. Olecranon process on proximal ulna: 0, absent; 1, present (modified from Wilson and Sereno, 
1998; Ezcurra, 2010). 
258. Olecranon process: 0, not greatly enlarged; 1, greatly enlarged as a single ossification; 2, 
greatly enlarged with a separate ossification forming a strongly striated proximoanterior portion 
(modified from Wilson and Sereno, 1998; Ezcurra, 2010). 
These two characters were produced through the splitting of multistate characters in previous studies. 
The basal sauropodomorphs, while apparently possessing an enlarged olecranon, seems to have 
achieved this through the incorporation of a separate ossification in to the proximal end of the ulna. 
Whether or not this enlargement is homologous to the enlargement seen in herrerasaurids, many 
theropods and many ornithischians remains to be seen.  
 
267. Metacarpals I and V: 0, both substantially shorter in length than metacarpal III; 1, only 
metacarpal I longer than or sub-equal to metacarpal III; 2, only metacarpal V longer than or subequal 
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to metacarpal III; 3, both are longer than or sub-equal to metacarpal III (modified from Butler et al., 
2008).  
This character has had two additional states added to it to capture all possibilities with regard to the 
ratios of metacarpals I and V to metacarpal III. Thyreophoran ornithischians such as Emausaurus 
ernsti and Stegosaurus stenops have a set of metacarpals that are essentially all equal in length to one 
another. The theropod Dilophosaurus wetherilli has only a reduced metacarpal I, with metacarpal V 
being sub-equal in length to metacarpal III. In the majority of sauropodomorph taxa, both metacarpals 
I and V are reduced relative to metacarpal III, for example Massospondylus carinatus. However, in 
Plateosaurus engelhardti, Seitaad ruessi and Sarahsaurus aurifontanalis metacarpal V is reduced 
relative to metacarpal III.  
 
287. Shape of preacetabular process: 0, rounded/rectangular, blunt profile, 1, triangular and 
pointed; 2, elongated, thin and strap-like; 3, elongated, expanded dorsoventrally towards its anterior 
end producing a hatchet-shaped profile (i.e., possesses an anteroventral lobe); 4, elongated and 
dorsoventrally deep along its entire length, essentially continuous with the arched dorsal margin of the 
iliac body (modified from Sereno, 1999; Butler et al., 2008; Pol et al., 2011b). 
This character is a combination of multiple characters from previous studies and aims to capture, as 
best as possible, the array of morphologies that the preacetabular process can take in the sampled taxa.  
 
 294. Shape of the caudal margin of the postacetabular process of the ilium: 0, bluntly pointed and 
dorsoventrally narrow; 1, rounded or squared and dorsoventrally deep; 2, trapezoidal, with a clearly 
demarcated trapezoidal area for muscle attachment; 3, elongate and rectangular; 4, partly ballooned 
distally (modified from Yates, 2003; Pol et al., 2011b). 
Like Character 287 of this study, this character was produced through the combination of multiple 
characters drawn from previous studies. This characters, with its many states, aims to capture the 
broad range of morphologies that the postacetabular process can take in the ilia of the sampled taxa.  
 
316. Ischial shaft: 0, tapers distally; 1, expands weakly, or is parallel-sided, distally; 2, distally 
expanded into a distinct ‘foot’ or 'boot' (modified from Butler et al., 2008). ORDERED 
This character has had its states rearranged so that a distally tapering ischial shaft is scored as (0), as 
this is the case in the outgroup taxon Euparkeria capensis. States (1) and (2) both score for the 
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presence of distal expansion, albeit to different extents. Therefore, this character is also treated as 
ordered to homologise the presence of a distally expanded ischial shaft.   
 
322. Distinct obturator process of ischium (when separated from the pubic process of the ischium), 
form: 0, present as a rounded expansion of ventral margin; 1, present as distinct tab ('tab-shaped') 
(modified from Butler et al., 2008).  
Butler et al. (2008) included a character for the absence/presence of a ‘tab-shaped’ preacetabular 
process. Here we modify this character and use it in conjunction with Character 317 to capture the 
array of morphologies exhibited by the taxa included in this study. For taxa that have an obturator 
process that is distinct from the pubic process of the ischium, two clear morphologies can be observed; 
a rounded, continuous expansion of a process, or a distinct tab. Sauropodomorphs such as Saturnalia 
tupiniquim and Plateosaurus engelhardti possess the former morphology, while neornithischians 
possess the latter. With the exception of Laquintasaura venezuelae, all ornithischians that were 
included in this study possessed a ‘tab-like’ obturator process.  
 
327. Shaft of pubis (postpubis), shape in cross-section: 0, blade-shaped; 1, comma-shaped, rod-like 
body with a tapering medial margin; 2, rod-like (modified from Butler et al., 2008). ORDERED 
A third character state was added to this character to capture the comma-like appearance of the cross-
section of the pubic shaft of most theropods and silesaurids. This morphology is produced by the 
swelling of the lateral margin of the pubic shaft into a circular, almost rod-like structure combined 
with the retention of an anteroposteriorly flat medial margin. In ornithischians the shaft becomes 
entirely rod-like, as accounted for by the original character of Butler et al. (2008).  
 
330. Pubic shaft, shape: 0, posteriorly bowed; 1, relatively straight; 2, anteriorly bowed (modified 
from Sereno, 1999; Ezcurra and Novas, 2007; Ezcurra, 2010). 
A third character state is added for the possession of an anteriorly bowed pubic shaft, as can be seen in 
a range of dinosauromorph taxa, including Silesaurus opolensis, Tawa hallae, coelophysids and 
Ceratosaurus nasicornis.  
 
357. Femur, dorsolateral margin of the proximal portion: 0, smooth; 1, dorsolateral trochanter 
(modified from Nesbitt, 2011). 
358. Dorsolateral trochanter, form: 0, sharp ridge; 1, rounded ridge (modified from Nesbitt, 2011). 
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These two characters were produced by splitting a single multistate character. This was done to 
maximise the amount of anatomical data captured by this study, as many taxa are described and 
figured as having a dorsolateral trochanter in the proximal portion of the femur, without the exact 
nature of the trochanter being described or figured clearly.  
 
 363. Anterior trochanter (lesser trochanter), morphology: 0, a very small, round tubercle; 1, 
elongate ridge that is oriented proximodistally (finger-like or spike-like); 2, broadened, prominent, 
‘wing’ or ‘blade’ shaped (Bakker and Galton, 1974; Gauthier, 1986; Novas, 1992; Juul, 1994; Novas, 
1996; Benton, 1999; Langer and Benton, 2006; Nesbitt et al., 2009c; Nesbitt, 2011). 
365. Anterior trochanter, completely connected to the shaft of the femur: 0, present; 1, absent, 
anterior trochanter is separated from the shaft by a marked cleft (modified from Bakker and Galton, 
1974; Gauthier, 1986; Novas, 1992; Juul, 1994; Novas, 1996; Benton, 1999; Langer and Benton, 
2006; Nesbitt et al., 2009c). 
In the study by Nesbitt (2011) the anterior trochanter is only assumed to be separated from the femoral 
shaft if it is broadened and wing-like. However, the anterior trochanter in Stegosaurus stenops is by no 
means broadened and wing-like but is clearly separated from the shaft by a cleft. Hence, win this 
study, shape and connectivity to the shaft are treated separately.  
 
368. Femur, proximal surface: 0, rounded and smooth; 1, transverse groove present (modified from 
Ezcurra, 2006; Nesbitt, 2011). 
369. Transverse groove on femur, form: 0, transverse groove is shallow, poorly developed and is 
straight; 1, transverse groove is deep and well developed and is straight; 2, transverse groove is deep, 
well-developed and curved (modified from Ezcurra, 2006; Nesbitt, 2011). ORDERED 
These two characters were produced by splitting a multistate character and adding an additional 
character state to the second of the two characters produced. This allows ordering of the second 
character of this set to homologise the presence of a deep groove on the proximal surface of the femur, 
as in all theropods and almost all non-sauropodan sauropodomorphs looked at in this study, regardless 
of if the groove is straight or curved.  
 
370. Fourth trochanter of femur: 0, absent; 1, present (modified from Butler et al., 2008). 
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371. Fourth trochanter of femur, shape: 0, low, mound-like and rounded; 1, raised, prominent ridge 
(aliform, linguiform); 2, raised and pendant or rod-like (modified from Butler et al., 2008; Nesbitt, 
2011). ORDERED 
The absence/presence of the fourth trochanter in the femur was made in to its own binary character as 
many taxa preserve evidence of a clear fourth trochanter but are not complete enough in this portion of 
the skeleton to know the shape of the trochanter. This separation of absence/presence and shape 
therefore maximises the amount of data that can be captured for the taxa looked at in this study.  
 
376. Femur, anterior surface of the distal portion: 0, smooth; 1, distinct scar orientated 
mediolaterally; 2, scar oriented proximodistally (modified from Nesbitt et al., 2009a; Nesbitt, 2011). 
A third character state was added for the presence of a proximodistally oriented scar on the anterior 
surface of the distal end of the femur, as can be seen in the thyreophorans Stegosaurus stenops and 
Scutellosaurus lawleri, and in certain theropods like Ceratosaurus nasicornis.  
 
399. Fibula, attachment site for the M. iliofibularis, form: 0, knob-shaped, robust; 1, crest-shaped, 
low (modified from Sereno, 1991; Nesbitt, 2011). 
Knob-shaped, robust is here interpreted as the ‘primitive’ condition because this is the observed 
condition in the outgroup taxa Euparkeria capensis and Postosuchus kirkpatricki.  
 
408. Astragalus, dorsally expanded process on the posterolateral portion of the tibial facet: 0, 
absent or poorly expanded; 1, expanded into a distinct, raised process (posterior ascending process of 
Sereno and Arcucci, 1994, pyramidal process of Nesbitt and Ezcurra, 2015) (modified from Sereno 
and Arcucci, 1994; Nesbitt, 2011). 
409. Astragalus, anterior ascending flange (anterior process, ascending process): 0, absent; 1, 
present (modified from Gauthier, 1986; Novas, 1992, 1996; Benton, 1999; Rauhut, 2003; Nesbitt, 
2011). 
410. Anterior ascending flange of the astragalus: 0, less than or equal to the height of the 
dorsoventral extent of the posterior side of the astragalus; 1, greater in height than the dorsoventral 
height of the posterior side astragalus (modified from Gauthier, 1986; Novas, 1992, 1996; Benton, 
1999; Rauhut, 2003; Nesbitt, 2011). 
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These three characters are a modification of characters from a number of previous studies and are used 
together to capture the absence/presence of two ascending flanges or processes on the astragalus: the 
anterior and posterior ascending process, as well as the relative heights of these.  
 
  429. Metatarsals, midshaft diameters: 0, both I and V sub-equal or greater than II–IV in diameter; 
1, only diameter of metatarsal I greater than or equal to diameter of metatarsals II–IV; 2, only diameter 
of metatarsal V greater than or sub-equal to the diameters of metatarsal II–IV; 3, both I and V have 
diameters less than metatarsals II–IV (modified from Sereno, 1991; Juul, 1994; Novas, 1996; Benton, 
1999; Nesbitt, 2011). 
This character has been reworked to capture the range of morphologies present in the taxa sampled. 
Metatarsals I and V in Euparkeria capensis of roughly equal diameter than metatarsals II–IV. This is 
also the condition observed in Dimorphodon macronyx and some sauropodiforms, such as Vulcanodon 
karibaensis and Barapasaurus tagorei. In almost all other sauropodomorphs, as well as in 
Postosuchus kirkpatricki and most ornithischians, the diameter of metatarsal V is reduced relative to 
all other metatarsals, including metatarsal I, which remains similar in diameter to metatarsals II–IV. 
The reverse appears to be the case in Dilophosaurus wetherilli. Most dinosaurs looked at in this study 
have reduced diameters for both metatarsals I and V, relative to metatarsals II–IV.  
 
7.2.4. Analyses. All phylogenetic analyses in this study were carried out using either equal-weights or 
implied-weights implementation of parsimony using TNT 1.5-beta (Goloboff et al. 2008). With the 
data set assembled (127 taxa scored for 451 anatomical characters), trees were searched for using a 
number of functions. The first run used the New Technology search function with equal weighting of 
characters, ratchet and drift set to their default settings (10 iterations and 10 cycles respectively) and 
with 100 random additional sequences. Following this, a Traditional Search (Goloboff et al. 2008) 
using TBR branch swapping only, with 100 additional sequences and 100 trees saved per replication 
was carried out. Finally, a second New Technology search was carried out until the minimum tree 
length was hit 100 times. These 100 MPTs were then subject to a further round of TBR branch 
swapping, with symmetric resampling set at a change probability of 33, with 100 replicates and with 
all branched of zero length collapsed (Goloboff et al. 2008). Templeton tests were conducted for 
statistical comparison between alternative tree topologies using the script “templetontest.run” in TNT 
(Templeton 1983). 
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7.3 Results 
7.3.1 Trees. In all of the trees recovered by the various analyses presented in this chapter, a 
monophyletic Dinosauria and a monophyletic Ornithoscelida are both found, supporting the original 
analysis of Chapter 3. As in Chapters 5 and 6, a monophyletic ‘Saurischia’ is not found. Instead the 
herrerasaurian dinosaurs, recovered in Chapter 3 as the sister group to sauropodomorphs, are placed 
outside of Dinosauria sensu stricto. In total, 948 MPTs were recovered in the analysis, each of length 
2,254 steps (CI = 0.2878; RI = 0.6302). 
Figures 7.1 shows a simplified schematic version of the strict consensus tree produced by this large 
analysis.  
 
 
Outside of Dinosauria (to which Herrerasauria forms the sister-taxon) these new analyses recover a 
monophyletic Lagerpetidae within Dinosauromorpha, as well as a monophyletic Silesauridae within 
Dinosauriformes. Pterosauromorpha is also recovered as a clade, and this taxon forms the sister to 
Dinosauromorpha, as part of Ornithodira, sensu Gauthier (1986), Padian (1997) and Nesbitt (2011). 
Lagerpetidae comprises a single large polytomy in both the strict and reduced consensus trees (Figure 
7.2). The clade that was formed of the genus Dromomeron that was recovered in analyses by Irmis et 
al. (2007), Nesbitt et al. (2009a) and Martinez et al. (2016) is not recovered in this analysis. Instead, all 
known species of Dromomeron are recovered in a polytomy along with Lagerpeton chanarensis, 
Ixalerpeton polesinensis and the as yet unnamed specimen PVSJ 883. Marasuchus lilloensis is 
recovered outside of this clade, in a position more derived within Dinosauromorpha.  
Figure 7.1. Simplified schematic 
version of the topology recovered in 
the strict consensus tree. polytomy 1 
contains basal sauropodomorph taxa 
such as Pantydraco caducus, 
Efraasia minor and Nambalia 
roychowdhurii; polytomy 2 contains 
massospondylids and a number of 
other massopodan taxa, such as 
Eucnemesaurus fortis. Full trees are 
given below (figures 7.2-7.4) 
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Silesauridae is also recovered as a monophyletic clade in both the strict and reduced strict consensus 
trees. Furthermore, in both trees, Lewisuchus/Pseudolagosuchus is found to be the earliest diverging 
silesaurid (sensu Nesbitt et al. 2010; Nesbitt 2011). Cabreira et al. (2016) did not follow the protocol 
established by Nesbitt (2011) of treating Lewisuchus admixtus and Pseudolagosuchus major as 
synonyms and did not recover the same result as Nesbitt (2011) or Chapters 3-7 of this study. More 
derived within Silesauridae is a clade in which Asilisaurus kongwe forms the sister-taxon to all other 
silesaurids (sensu Nesbitt 2011; Kammerer et al. 2012). Sister to Asilisaurus is a polytomy of all other 
silesaurids, including Pisanosaurus mertii (Figure 7.2). Contrary to the results of Chapter 3, 
Agnosphitys cromhallensis is not recovered within Silesauridae, owing to the fact that only the 
holotype material of the taxon was considered in this analysis (see Chapters 4-6). 
In both the strict and reduced strict consensus trees, Herrerasauria is recovered as the sister-taxon to 
Dinosauria, as in Chapters 5 and 6. In both these trees, Herrerasauria comprises a single large 
polytomy. As in Chapter 5, Saltopus elginensis is recovered within Herrerasauria, along with 
Caseosaurus crosbyensis, Chindesaurus bryansmalli, Herrerasaurus ischigualastensis, Sanjuansaurus 
gordilloi and Staurikosaurus pricei.  
Dinosauria, as discussed above is composed of Sauropodomorpha and a clade comprising 
Ornithoscelida and a number of ‘basal’ theropods.  
Sauropodomorpha is found to comprise a monophyletic Guaibasauridae and a lineage containing 
Plateosauria and number of more basal sauropodomorph taxa (e.g., Pantydraco caducus). In both the 
Figure 7.2. Topology 
recovered within Ornithodira 
and Dinosauromorpha in both 
the strict and reduced strict 
consensus trees. Here, 
Pisanosaurus mertii is 
recovered as a member of 
Silesauridae.  
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strict and reduced strict consensus trees, Guaibasauridae forms a large polytomy. The other lineage 
within Sauropodomorpha is far better resolved in the reduced strict consensus tree, following the 
removal of Eucnemesaurus fortis, Glacialisaurus hammeri and Nambalia roychowdhurii as wildcard 
taxa (Figure 7.3). These taxa were removed a posteriori following implementation of the Pruned Trees 
function in TNT to search for taxa that could be removed to add nodes without altering in-group 
relationships.  In this reduced tree, Pantydraco caducus, Thecodontosaurus antiquus, Efraasia minor, 
Arcusaurus pereirabdalorum, Plateosauravus cullingworthi and Seitaad ruessi fall stem-ward of (and 
essentially form a grade leading to) Plateosauria. Plateosauria itself comprises Plateosauridae and 
Massopoda (sensu McPhee et al. 2014). Massopoda comprises a polytomy containing a number of 
sauropodomorphs like Lufengosaurus huenei and Yunnanosaurus huangi, as well as a clade of 
massospondylids (Massospondylidae) and the holotype material of Nyasasaurus parringtoni (see 
Chapter 6). Both species of Massospondylus, as well as Adeopapposaurus mognai, Coloradisaurus 
brevis and Leyesaurus marayensis make up a monophyletic Massospondylidae in these analyses; in 
some of the recovered MPTs, Anchisaurus polyzelus and Sarahsaurus aurifontanalis are also 
recovered within Massospondylidae. Also within this polytomy is the clade Sauropodiformes (sensu 
McPhee et al. 2014). Within Sauropodiformes is a clade of large-bodied, predominantly Early 
Jurassic, Southern Hemisphere taxa including Aardonyx celestae, Pulanesaura eocollom and 
Sefapanosaurus zastronensis from South Africa and Lessemsaurus sauropoides from Argentina 
(Lessemsaurus is currently believed to be from the Late Triassic [Bonaparte 1999]). Sister to this clade 
is a clade containing the ‘true sauropods’ and a clade of closely related, large-bodied taxa, such as 
Antetonitrus ingenipes (Figure 7.3).   
On the other branch within the dinosaurian lineage is the clade containing Ornithoscelida and a small 
number of other theropods. This clade will be referred to as Theropoda later in this chapter and the 
justification for this choice is given in the Discussion section below.  
The Late Triassic taxon Daemonosaurus chauliodus is found to be the earliest diverging member of 
the theropod lineage within Dinosauria, in both trees; Tawa hallae and a clade formed by Eoraptor 
lunensis and Eodromaeus murphi, together with Daemonosaurus form a grade leading up to 
Ornithoscelida. Within Ornithoscelida there are two main clades, Ornithischia and a clade containing 
Neotheropoda and a small number of other theropods, such as Dracoraptor hanigani. In the strict 
consensus and reduced strict consensus trees, Dracoraptor, Liliensternus liliensterni and Sarcosaurus 
woodi form a grade leading up to Neotheropoda. In the strict consensus tree, Neotheropoda comprises 
a large polytomy that contains most taxa. 
 
195 
 
 
196 
 
<Figure 7.3. Tree topology recovered in the reduced strict consensus for the Sauropodomorpha lineage within 
Dinosauria. (A), Guaibasauridae (sensu Ezcurra 2010); (B), New Clade = Plateosauromorpha (see Discussion); 
(C), Plateosauria; (D), Massospondylidae; (E), Sauropodiformes (sensu McPhee et al. 2014); (F), Sauropoda 
(sensu McPhee et al. 2014).  
 
The only good resolution within Neotheropoda in this tree is within the ceratosaur lineage; 
Ceratosaurus nasicornis, Elaphrosaurus bambergi and Eoabelisaurus mefi are recovered in a clade, 
along with the specimen SAM-PK-K10654, which was formerly assigned to Nyasasaurus parringtoni 
(see Chapter 6). This position within Neotheropoda for SAM-PK-K10654 is far more derived than 
suggested by the analyses in Chapter 6. This position in poorly supported, with low bootstrap (<50) 
and Bremer support values (1). By removing SAM-PK-K10654 and Tachiraptor admirabilis from the 
analysis, a much more resolved Neotheropoda is recovered, as Ceratosauria and the other subsidiary 
neotheropod clades become more stable (Figure 7.4). The removal of taxa was carried out using the 
Pruned Trees function of TNT. In the reduced strict consensus tree, both a monophyletic Ceratosauria 
and a monophyletic Megalosauridea (sensu Benson et al. 2010). These clades, along with 
Cryolophosaurus ellioti, ‘Merosaurus newmani’ and a small clade containing Berberosaurus liassicus 
and Condorraptor currumili make up the clade Averostra. Sister to Averostra, in this analysis, is 
Dracovenator regenti, which is recovered as being slightly more derived than a number of other taxa 
that form a polytomy stem-ward of this sister-taxon grouping. Among the taxa in this polytomy are the 
crested theropods Dilophosaurus wetherilli and Sinosaurus triassicus. In this analysis, Coelophysidae 
contains a number of taxa, including Panguraptor lufengensis and Segisaurus halli. Coelophysidae 
forms the sister-taxon to the clade of non-coelophysid neotheropods (i.e., Zupaysaurus rougieri + 
Averostra).  
Within Ornithischia, the other branch within Ornithoscelida, Chilesaurus diegosaurezi is again 
recovered as the earliest diverging member (supporting the hypothesis proposed in Chapter 4). Sister 
to Chilesaurus is a clade containing all other ornithischians, including Heterodontosauridae. Of the 
members of Heterodontosauridae, the latest occurring taxa also appear to be the earliest diverging; the 
Northern Hemisphere taxa Echinodon becklesii and Fruitadens haagarorum fall in to a polytomy at 
the base of the heterodontosaurid lineage. 
No evidence was found for a distinct Heterodontosaurinae, as the Chinese taxon Tianyulong confuciusi 
is recovered in a very close relationship with Heterodontosaurus tucki (contra Sereno 2012). Sister 
taxon to Heterodontosauridae is a clade containing Eocursor parvus (which is not recovered as a 
heterodontosaurid; contra Boyd 2015), Laquintasaura venezuelae, Lesothosaurus diagnosticus and 
Genasauria (sensu Butler et al. 2008). 
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<Figure 7.4. Tree topology recovered in the reduced strict consensus for the ‘ornithoscelidan’ lineage within 
Dinosauria. (A), Ornithoscelida, as defied in Chapter 3; (B), Ornithischia; (C), Heterodontosauridae; (D), 
Neornithischia; (E), Neotheropoda; (F), Coelophysidae; (G), Averostra. 
 
Interestingly, neither Lesothosaurus nor Laquintasaura are recovered within Genasauria, which stands 
in contrast to the results of the phylogenetic analysis in Chapters 2 and 3; in Chapter 2 Lesothosaurus 
was found to be a probable member of Neornithischia and Laquintasaura was found to be a 
Thyreophoran, as sister-taxon to Scutellosaurus lawleri. The latter result was recently replicated using 
an independent, specialist anatomical dataset and so may be more accurate (Raven & Maidment 
2017); in Chapter 3 both Lesothosaurus and Laquintasaura were recovered within Thyreophora. In 
this analysis, Thyreophora comprises Scutellosaurus, Emausaurus ernsti, Scelidosaurus harrisonii and 
Stegosaurus stenops. The sister-group to Thyreophora within Genasauria is Neornithischia, which, in 
this analysis, comprises Agilisaurus louderbacki, Hexinlusaurus multidens and Jeholosaurus 
shagyuanensis (as in Chapters 2 and 3), as well as Psittacosaurus (Figure 7.4).   
 
7.3.2 Tree Support. Bremer support and bootstrap frequencies were calculated for the trees produced 
in this analysis. First, Bremer supports and bootstrap frequencies were calculated for the main analysis 
that contained all 128 OTUs. Then, using the reduced set of OTUs (123), a second set of calculations 
were carried out, after the removal of all taxa with a skeletal completeness of less than ~5%. This 
involved the removal of Diodorus scytobrachion and Eucoelophysis baldwini from Silesauridae (as in 
Chapter 3), as well as Ignotosaurus fragilis. In addition, I removed PVSJ 883 and Dromomeron gigas 
from Lagerpetidae; Agnosphitys cromhallensis, Arcusaurus pereirabdalorum and Nyasasaurus 
parringtoni from Sauropodomorpha; Camposaurus arizonensis and Lepidus praecisio from 
Neotheropoda; and NHMUK PV A100, Echinodon becklesii and Lycorhinus angustidens from 
Ornithischia. The values calculated using both these sets of taxa are mapped on to Figures 7.3 and 7.4.  
 
7.3.3 Nodes. The following list is of the major nodes recovered in the reduced strict consensus tree 
(Figures 7.1-7.4). Existing clades that are redefined in this work, as well as the novel clades being 
proposed, are further described and diagnosed in the systematic palaeontology and discussion sections 
(see below).  
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Ornithodira Gauthier, 1986 
Current definition: The least inclusive clade containing Pterodactylus antiquus and Passer domesticus 
(Nesbitt 2011). 
First known occurrence: Anisian, Middle Triassic (Nesbitt et al. 2010). 
Last known occurrence: Extant clade. 
Support: 4 (0-->1), 127 (0-->1), 234 (0-->1), 253 (0-->1), 293 (0-->1), 311 (0-->1), 345 (0-->1), 399 
(0-->1), 438 (0-->1) 
 
Pterosauromorpha Padian, 1997 
Current definition: The most inclusive clade containing Pterodactylus antiquus but not Passer 
domesticus (Sereno 2005; Nesbitt 2011). 
First known occurrence: Norian, Late Triassic (Zambelli 1973). 
Last known occurrence: Maastrichtian, Late Cretaceous (Lawson, 1975). 
Support: 2 (0-->1), 22 (0-->1), 25 (0-->2), 34 (0-->1), 161 (0-->2), 162 (0-->4), 235 (0-->1), 237 (0--
>2), 242 (0-->1) 
 
Dinosauromorpha Benton, 1985 
Current definition: The most inclusive clade containing Passer domesticus but not Pterodactylus 
antiquus, Ornithosuchus longidens or Crocodylus niloticus (Sereno 2005). 
First known occurrence: Anisian, Middle Triassic (Nesbitt et al. 2010). 
Last known occurrence: Extant clade. 
Support: 228 (0-->1), 383 (0-->1), 405 (0-->1), 409 (0-->1), 427 (0-->1), 429 (0-->3), 436 (0-->2): 
228. Length of the longest chevron is greater than the length of the preceding centrum 
383. Cnemial crest present and anteriorly straight 
405. Calcaneum greatly reduced in comparison to astragalus 
409. Astragalus possesses an anterior ascending flange 
427. Metatarsal III is longer than 50% of the tibial length 
429. Both metatarsals I and V have diameters that are less than the diameters of metatarsals II-IV 
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436. Metatarsal V without phalanges (*optimised as a synapomorphy, despite being ‘reversed’ in later taxa, 
which, given the nature of this character, seems unlikely) 
 
Lagerpetidae Nesbitt et al., 2009 
Current definition: All taxa more closely related Lagerpeton chanarensis than to Alligator 
mississippiensis, Eudimorphodon ranzii, Marasuchus lilloensis, Silesaurus opolensis, Triceratops 
horridus, Saltasaurus loricatus and Passer domesticus (Nesbitt 2011). 
Revised definition: The most inclusive that includes Lagerpeton chanarensis but not Alligator 
mississippiensis, Pterodactylus antiquus, Silesaurus opolensis, Triceratops horridus, Passer 
domesticus or Diplodocus carnegii. 
First known occurrence: Carnian, Late Triassic (Marsicano et al. 2016). 
Last known occurrence: Norian, Late Triassic (Irmis et al. 2007). 
Support: 317 (0-->1), 347 (0-->1), 348 (0-->1), 356 (0-->1), 361 (0-->1), 376 (0-->1), 377 (0-->1), 378 
(0-->1), 379 (0-->1), 381 (0-->1) 
 
Dinosauriformes Novas, 1992 
Current definition: The least inclusive clade containing Passer domesticus and Marasuchus lilloensis 
(Sereno 2005; Nesbitt 2011). 
First known occurrence: Anisian, Middle Triassic (Nesbitt et al. 2010). 
Last known occurrence: Extant clade. 
Support: 244 (0-->1), 291 (0-->1), 314 (0-->1), 319 (0-->1), 360 (0-->1), 374 (0-->1), 389 (0-->1), 392 
(0-->1) 
 
Unnamed clade  
(Silesauridae + Dinosauria + Herrerasauria) 
First known occurrence: Anisian, Middle Triassic (Nesbitt et al. 2010). 
Last known occurrence: Extant clade. 
Support: 197 (0-->1), 238 (0-->1), 287 (1-->0), 299 (0-->1), 316 (0-->1), 329 (1-->0), 339 (1-->0), 
357 (0-->1), 368 (0-->1), 401 (0-->1): 
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197. Prezygaodiapophyseal lamina on the cervical vertebrae 
238. Well-developed, spine-like acromion process of the scapula 
287. Postacetabular process of the ilium with a rounded/rectangular, blunt profile 
299. Ridge or buttress of the ilium extending from the middle of the supraacetabular crest to the lateral 
edge of the preacetabular process (*sharp in most silesaurids, rounded in most dinosaurs) 
316. Ischial shaft that expands weakly distally, or is parallel-sided 
329. Pubic plate that is less than 40% of the pubic shaft length (*reversed in some derived 
sauropodomorphs) 
339. Elongate pubic symphysis 
357. Dorsolateral margin of the proximal portion of the femur possesses a dorsolateral trochanter 
368. Transverse groove present on the proximal surface of the femur (*can be either straight or curved) 
401. Anterior edge of the proximal portion of the fibula tapers to a point and arched anteromedially 
 
Silesauridae Nesbitt et al., 2010 
Current definition: The most inclusive clade containing Silesaurus opolensis but not Passer 
domesticus, Triceratops horridus and Alligator mississippiensis. 
First known occurrence: Anisian, Late Triassic (Nesbitt et al. 2010). 
Last known occurrence: Either Norian, Late Triassic (Sullivan & Lucas 1999; Ezcurra 2006) or 
Rhaetian, Late Triassic (Fraser et al. 2002). 
Support: 33 (0-->1), 37 (0-->1), 92 (0-->1), 96 (0-->1), 109 (0-->1), 143 (0-->1), 253 (1-->0): 
33. Rostrolateral surface of the maxilla, between the ventral border of the antorbital fossa and the 
alveolar margin, pierced by a small foramen  
37. Ridge on/lateral swelling of lateral surface of the dentary  
92. Exits of the hypoglossal nerve (XII) aligned subvertically 
96. Rugose ridges on the anterolateral edges of the supraoccipital  
109. Ventral recess on the ectopterygoid (*present in Lewisuchus/Pseudolagosuchus contra Nesbitt [2011]) 
143. First dentary tooth is inset a short distance from the rostral tip of the dentary 
253. Proximal articular surface of the humerus is continuous with the deltopectoral crest 
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Unnamed clade  
(Asilisaurus kongwe + Silesaurus opolensis) 
First known occurrence: Anisian, Late Triassic (Nesbitt et al. 2010). 
Last known occurrence: Norian, Late Triassic (Sullivan & Lucas 1999; Ezcurra 2006). 
Support: 120 (0-->1), 141 (0-->1), 150 (0-->1), 168 (0-->2), 171 (0-->1), 217 (0-->1), 249 (1-->0), 349 
(0-->1), 375 (0-->1) 
 
Unnamed clade  
(Dinosauria + Herrerasauria)  
Suggested definition: The most inclusive clade containing Passer domesticus, Triceratops horridus 
and Diplodocus carnegii but not Silesaurus opolensis, Marasuchus lilloensis or Alligator 
mississippiensisi. 
First known occurrence: Either Anisian, Middle Triassic (Nesbitt et al. 2013), or Carnian, Late 
Triassic (e.g., Novas 1992; Ezcurra 2010). 
Last known occurrence: Extant clade. 
Support: 19 (0-->1), 23 (1-->0), 60 (0-->1), 84 (0-->1), 90 (1-->0), 94 (0-->1), 110 (0-->1), 183 (0--
>1), 184 (0-->1), 218 (0-->1), 246 (0-->1), 247 (0-->1), 261 (0-->1), 284 (0-->1), 293 (1-->0), 294 (0--
>1), 303 (0-->1), 319 (1-->2), 342 (1-->0), 373 (0-->1), 378 (0-->1), 406 (0-->1), 408 (1-->0), 412 (0--
>1): 
19. Presence of a premaxillary narial fossa around the external naris  
23. Rounded or elliptical external naris 
60. Sharp ridge dividing the lateral surface of the jugal into two planes (*rounded ridge present in many 
derived taxa) 
84. Supratemporal fossa anterior to the supratemporal fenestra, extending onto the dorsal surface of the 
frontal 
90. Ventral ramus of the opisthotic (= crista interfenestralis) extends further laterally than lateral-most 
edge of exoccipital in posterior view (*convergently acquired in silesaurids and theropods) 
94. Exoccipitals do not meet along the midline on the floor of the endocranial cavity (basioccipital 
contributes to the ventral border of the foramen magnum)  
110. Ectopterygoid arcs anterodorsally 
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183. Epipophyses on anterior (postaxial) cervicals 
184. Epipophyses also present in posterior cervical vertebrae (6–9) 
218. Articular surface of the first primordial sacral rib is C-shaped in lateral view 
246. Deltopectoral crest is more than 30% the length of the humerus in terms of its total proximodistal 
length 
247. Apex of deltopectoral crest situated at a point that is more than or equal to 30% down the length of 
the humerus but less than 50% down the length (*only a small number of derived sauropodomorphs exceed 
50% in this regard) 
261. Radius shorter than 80% of humerus length 
284. Acetabulum open to at least some degree (= partially or fully perforate acetabulum) 
293. Dorsal margin of the ilium in lateral view is straight or convex 
294. Caudal margin of the postacetabular process of the ilium is dorsoventrally deep and rounded or 
squared in lateral view (*many other morphologies are exhibited by more derived taxa) 
303. Ischiadic peduncle of the ilium is distinct from the main body of the ilium and the acetabular wall 
319. Articular surfaces of the ischium (for the ilium and the pubis) separated by a large, non-articulating 
concave surface 
342. Anteroposterior expansion of the distal portion of the pubis 
373. Asymmetrical fourth trochanter  
378. Deep groove present on the distal end of the femur separating the lateral condyle and crista 
tibiofibularis (*also present in lagerpetids) 
406. Astragalus with a largely vertical fibular facet 
408. Process on the posterolateral portion of the astragalus is absent or very poorly developed (*reversed 
in many sauropodomorphs) 
412. Astragalus possesses a marked rimmed and elliptical fossa posterior to the anterior ascending process 
(*lost in ornithoscelidans) 
 
Herrerasauria Langer, 2004 
Current definition: The most inclusive clade that includes Herrerasaurus ischigualastensis but not 
Liliensternus liliensterni and Plateosaurus engelhardti (sensu Langer 2004; Langer et al. 2010). 
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Revised definition: The most inclusive clade that includes Herrerasaurus ischigualastensis but not 
Passer domesticus, Triceratops horridus or Diplodocus carnegii.  
First known occurrence: Carnian, Late Triassic (e.g., Colbert 1970; Novas 1992). 
Last known occurrence: Norian, Late Triassic (e.g., Niedźwiedzki et al. 2014). 
Support: 127 (1-->0), 237 (0-->1), 259 (0-->1), 295 (0-->1), 301 (0-->1), 307 (2-->1), 312 (0,1-->2), 
358 (0-->1), 369 (1-->0), 376 (0-->1): 
127. Absence of a transverse groove (sulcus, external mandibular groove) running along the dentary 
beneath and parallel to tooth row (*a reversal of the primitive ornithodiran condition, also lost in some 
sauropodomorphs and ornithischians) 
237. Scapula blade weakly expanded or near parallel-sided 
259. Radial fossa bounded by an anterolateral process on proximal ulna  
295. Distal end of the postacetabular process in which the ventral border extends farther posteriorly in 
lateral view, creating a posteroventrally sloping posterior margin 
301. Postacetabular process makes up around 25-35% the total length of the ilium 
307. Supraacetabular crest of the ilium extends along the pubic penduncle as a faint ridge 
312. Extensive rugose areas on the dorsal and lateral surfaces of the pre- and postacetabular processes 
358. Rounded dorsolateral trochanter (*appears to be convergently acquired in some theropods and 
Chilesaurus diegosaurezi) 
369. Transverse groove on the proximal end of the femur is shallow, poorly developed and is straight 
(*contrasting with condition in most dinosaurs, in which the groove is well-developed) 
376. Distinct scar orientated mediolaterally on the anterior surface of the distal portion of the femur (*also 
seen in some lagerpetids) 
 
Dinosauria Owen, 1842 
Current definition: The least inclusive clade that includes Passer domesticus, Triceratops horridus and 
Diplodocus carnegii (see Chapter 3: Table 3.1).   
First known occurrence: Either Anisian, Middle Triassic (Nesbitt et al. 2013), or Carnian, Late 
Triassic (e.g., Novas 1992; Ezcurra 2010). 
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Last known occurrence: Extant clade. 
Support: 8 (0-->1), 91 (1-->0), 111 (0-->1), 140 (0-->1), 161 (0-->1), 210 (0-->1), 248 (0-->1), 277 (0-
->1), 297 (0-->1), 316 (1-->2), 321 (0-->1), 407 (0-->1): 
8. Posterodorsal process of the premaxilla (= maxillary process, posterolateral process, subnarial process) 
thin and bar-like (*reversed in most ornithischians) 
91. Posttemporal foramen totally enclosed with the paroccipital process 
111. Slender jugal process on the ectopterygoid  
140. Retroarticular is slightly upturned at its distal end, but does not approach a right-angle (*compare 
with Herrerasaurus ischigualastensis and Euparkeria capensis for example) 
161. Subtle heterodont dentition, with small observable changes in tooth morphology across tooth rows 
210. Possession of at least three sacra vertebrae  
248. Deltopectoral crest oriented perpendicular to the transverse axis of the distal condyles 
277. Lateral condyle of the distal end of metacarpal I is strongly distally expanded relative to medial 
condyle creating a asymmetric distal articular surface 
297. Brevis fossa present as an embankment on the lateral side of the posterior portion of the ilium 
(*present but not visible in lateral view in a range of derived dinosaurian taxa) 
316. Ischium distally expanded into a distinct ‘foot’ or 'boot' (*appears convergently in Postosuchus 
kirkpatricki) 
321. Groove on the dorsal margin of the ischium (*lost in some derived ornithischians) 
407. Fibula facet on the astragalus reduced to small articulation 
 
Theropoda Marsh, 1881 
Current definition: The most inclusive clade that contains Passer domesticus but not Diplodocus 
carnegii or Triceratops horridus (see Chapter 3: Table 3.1). 
Revised definition: The most inclusive clade that contains Passer domesticus but not Diplodocus 
carnegii.  
First known occurrence: Carnian, Late Triassic (e.g., Martinez et al. 2011). 
Last known occurrence: Extant clade.  
Support: 16 (0-->1), 145 (2-->3), 189 (0-->1), 191 (0-->1): 
206 
 
16. Substantial diastema of at least one crown’s length between maxillary and premaxillary teeth (*lost in 
some derived forms) 
145. Three maxillary teeth (*as the primitive condition for Theropoda) 
189. Anterior and middle cervical vertebrae with diapophysis and parapophysis that are nearly touching 
191. Pneumatic features (= pleurocoels) present as fossae in the anterior portion of the cervical centra 
 
Unnamed clade  
(Tawa hallae + Ornithoscelida) 
First known occurrence: Carnian, Late Triassic (e.g., Martinez et al. 2011). 
Last known occurrence: Extant clade.  
Support: 18 (0-->1), 20 (1-->0) 
 
Unnamed clade  
((Eoraptor lunensis + Eodromaeus murphi) + Ornithoscelida) 
First known occurrence: Carnian, Late Triassic (Sereno et al. 1993; Martinez et al. 2011). 
Last known occurrence: Extant clade. 
Support: 35 (0-->1), 46 (0-->1), 343 (0-->1), 385 (0-->1) 
 
 
Ornithoscelida Huxley, 1870 
Current definition: The least inclusive clade that includes Passer domesticus and Triceratops horridus 
(see Chapter 3: Table 3.1). 
First known occurrence: Norian, Late Triassic (Fraas 1913). 
Last known occurrence: Extant clade. 
Support: 210 (1-->2), 211 (0-->1), 212 (0-->1), 287 (0-->3), 297 (1-->2), 353 (1-->2), 363 (1-->2), 
365 (0-->1), 367 (0-->1), 402 (0-->1), 412 (1-->0), 416 (0-->1), 422 (1-->0), 430 (0-->1): 
210. Possession of our or five sacral vertebrae (*many derived ornithischians have an even greater number) 
207 
 
211. Sacral centra at least partially co-ossified 
212. Prezygapophyses and complimentary postzygapophyses co-ossified in sacral vertebrae 
287. Elongated, expanded dorsoventrally towards its anterior end producing a hatchet-shaped profile (= 
possession of an anteroventral lobe) (*anteroventral lobe lost in all ornithischina more derived the 
Chilesaurus diegosaurezi, resulting in a simple elongate, strap-like preacetabular processes) 
297. Brevis fossa present but not visible in lateral view  
353. Femur is straight in anterior/posterior view 
363. Broadened, prominent, ‘wing’ or ‘blade’ like anterior trochanter 
365. Marked cleft separating the anterior trochanter from the femoral shaft 
367. Anterior trochanter positioned close to the lateral margin of the femoral shaft 
402. Fibula subequal or narrower than half the width of the tibia 
412. Astragalus lacks a marked rimmed and elliptical fossa posterior to the anterior ascending process 
416. Astragalus and calcaneum are co-ossified 
422. Posterior prong of distal tarsal 4 is blunt (*a reversal of the trait that is synapomorphic between the 
clades Herrerasauria and Dinosaurian) 
430. Metatarsal I does not contact the ankle joint but instead attaches onto the medial side of metatarsal II 
 
Ornithischia Seeley, 1887 
Current definition: The most inclusive clade that contains Triceratops horridus, but not Passer 
domesticus or Diplodocus carnegii (see Chapter 3: Table 3.1).  
First known occurrence: Hettangian, Early Jurassic (Butler et al. 2007; Olsen et al. 2011). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Marsh 1889). 
Support: 6 (0-->1), 127 (1-->0), 168 (0-->2), 197 (1-->0), 286 (0-->1), 298 (1-->0), 301 (0-->1), 304 
(1-->0), 326 (0-->1), 327 (1-->2), 339 (0-->1), 342 (0-->1), 359 (0-->1), 386 (1-->0), 396 (0-->1), 417 
(0-->1): 
6. First premaxillary tooth is inset the width of one or more crowns from the anterior end of the 
premaxilla (= edentulous anterior portion of the premaxilla) 
127.  Absence of a transverse groove (sulcus, external mandibular groove) running along the dentary 
beneath and parallel to tooth row (*a reversal, convergent to the similar absence in herrerasaurians) 
168. Recurvature in majority of maxillary and dentary teeth absent 
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197. No prezygaodiapohyseal lamina on the cervical vertebrae 
286. Preacetabular process of the ilium subequal or longer in length than the postacetabular process 
298. No ridge connecting the posterior portion of the supraacetabular rim to the posterior portion of the 
ilium (*a reversal of the autapomorphic condition in theropods – unknown in Daemonosaurus chauliodus) 
304. Ischiadic peduncle of the ilium is mainly vertical in lateral view (*also a reversal of the autapomorphic 
condition in theropods – also unknown in Daemonosaurus chauliodus) 
326. Pubis rotated posteroventrally (= opisthopubic) 
327. Shaft of pubis rod-like (*potentially developed from the comma-shaped pubic shafts of more primitive 
theropods) 
339. Pubic symphysis restricted to distal end of pubic blade, or absent entirely 
342. Pubis unexpanded distally  
359. Fusion between the distal portions of the dorsolateral and anterior trochanters of the femur (*also 
present in tetanurans) 
386. Lateral (= fibular) condyle of the proximal portion of the tibia offset anteriorly from the medial 
condyle (*also a reversal of the autapomorphic condition in theropods – also unknown in Daemonosaurus 
chauliodus) 
396. Maximum expansion of distal tibia is roughly equal to that of proximal tibia, or is greater 
417. Well-developed facet for the tibia present on the calcaneum 
 
Unnamed clade 
(Heterodontosauridae + Genasauria) 
Suggested definition: The least inclusive clade that contains Heterodontosaurus tucki, Triceratops 
horridus and Stegosaurus stenops.  
First known occurrence: Hettangian, Early Jurassic (Butler et al. 2007; Olsen et al. 2011). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Marsh 1889). 
Support: 102 (1-->0), 117 (0-->1), 150 (0-->1), 160 (0-->1), 163 (1-->2), 171 (0-->1), 191 (1-->0), 
277 (1-->0), 287 (3-->2), 289 (0-->1), 291 (1-->0), 309 (1-->0), 316 (2-->1), 336 (0-->1), 340 (0-->1), 
371 (1-->2); 385 (1-->0), 446 (0-->1): 
102. Absence of a ventral recess on the parabasisphenoid  
117. Possession of a predentary bone 
209 
 
150. Maxillary and dentary crowns subtriangular or 'diamond shaped', with distinct kinks present in 
mesial and distal edges 
160. Moderately developed lingual expansion of crown (= cingulum) on maxillary/ dentary teeth 
163. Enlarged and coarse (lower density) denticles on maxillary and dentary crowns 
171. Maxillary and dentary crowns mesiodistally expanded above root in cheek teeth 
191. Absence of pneumatic features (= pleurocoels) in the cervical vertebrae (*optimised as a reversal in 
this study) 
277. Distal condyles of metacarpal I are approximately aligned or are only very slightly distally offset 
from one another (*a reversal of the primitive dinosaurian condition, convergently acquired in 
herrerasaurians as well) 
287. Preacetabular process of the ilium elongated, thin and strap-like (*assumed to be a result of 
dorsoventral compression of the elongate preacetabular processes of many theropod taxa – see above) 
289. Preacetabular process more than twice as long as it is dorsoventrally deep. 
291. Height of the dorsal portion of the ilium (blade above the supracetabular crest/rim) about the same 
or shorter than the distance from the dorsal portion of the supraacetabular crest/rim to the articulations 
with the pubis and ischium 
309. Length of the pubic peduncle of the ilium greater than twice the craniocaudal width of its distal end 
316. Ischial shaft that expands weakly distally, or is parallel-sided (*seemingly among ornithischians, only 
Chilesaurus diegosaurezi retains the primitive condition of most other theropods and other dinosaurs) 
336. Presence of a prepubic process  
340. Absence of a pubic apron 
371. Raised and pendant (or rod-like) fourth trochanter 
385. Proximal surface of the tibia flat or convex (*a reversal of the theropod condition) 
446. Epaxial ossified tendons present along vertebral column 
 
 
Heterodontosauridae Romer, 1966 
Current definition: The most inclusive clade containing Heterodontosaurus tucki but not 
Parasaurolophus walker, Pachycephalosaurus wyomingensis, Triceratops horridus or Ankylosaurus 
magniventris (Sereno 2012).  
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First known occurrence: Hettangian, Early Jurassic (Olsen and Galton 1984). 
Last known occurrence: Berriasian, Early Cretaceous (Clements 1993; Salisbury 2002; Sereno 2012). 
Support: 36 (0-->1), 147 (0-->1), 161 (1-->2), 162 (0-->1), 165 (0-->1), 210 (2-->3), 394 (0-->1), 395 
(0-->1), 403 (0-->1), 404 (0-->1), 415 (0-->1): 
36. Buccal emargination of the maxillary tooth row 
147. Premaxillary teeth increase in size posteriorly so that the posterior premaxillary teeth are 
significantly larger in size than anterior teeth 
161. Markedly heterodont dentintion with clearly distinct types of teeth present 
162. Possession of a single, enlarged and anteriorly positioned caniform dentary tooth in which the crown 
is not mesiodistally expanded above root 
165. Peg-like tooth located anteriorly within dentary, lacks recurvature and denticles, strongly reduced in 
size 
210. Possession of six or more sacral vertebrae 
394. Anterior diagonal tuberosity (= anteromedial sheet) on the distal end of the tibia positioned 
proximomedial to the position of the anterior ascending process of the astragalus (*also present in some 
non-ornithischian theropods) 
395. Proximodistally oriented ridge on the posterior face of the distal end of the tibia (*also present in 
some non-ornithischian theropods) 
403. Distal end of the fibula is strongly reduced and splint-like (*also present in some non-ornithischian 
theropods) 
404. Tibia, fibula and proximal tarsals, fused (or partly fused) as a tibiotarsus (= tibiofibulatarsus) (*also 
present in some non-ornithischian theropods) 
415. Astragalus is ‘roller shaped’ (*also present in some non-ornithischian theropods, as well as in a range 
of other dinosaurian and non-dinosaurian dinosauriform taxa) 
 
 
Unnamed clade  
(Heterodontosaurus tucki + Tianyulong confuciusi) 
Suggested definition: The most inclusive clade that contains Heterodontosaurus tucki and Lycorhinus 
angustidens but not Echinodon becklesii.  
First known occurrence: Hettangian, Early Jurassic (Olsen & Galton 1984). 
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Last known occurrence: Oxfordian, Late Jurassic (Liu et al. 2012). 
Support: 37 (0-->1), 121 (0-->1), 149 (0-->2), 153 (0-->1), 157 (0-->1), 166 (0-->1), 172 (0-->1), 366 
(0-->1): 
 
Unnamed clade 
(Eocursor parvus + Genasauria) 
First known occurrence: Hettangian, Early Jurassic (Butler et al. 2007; Olsen et al. 2011). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Marsh 1889). 
Support: 122 (0-->1), 136 (0-->1), 378 (1-->0), 389 (1-->2) 
 
Unnamed clade 
(Lesothosaurus diagnosticus + Genasauria) 
First known occurrence: Hettangian, Early Jurassic (Butler et al. 2007; Olsen et al. 2011). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Marsh 1889). 
Support: 269 (1-->0), 272 (1-->0), 302 (1-->0), 317 (0-->2), 355 (1-->2), 374 (1-->0), 427 (1-->0) 
 
Genasauria Sereno, 1986 
Current definition: The least inclusive clade that includes Ankylosaurus magniventris, Stegosaurus 
stenops, Parasaurolophus walkeri, Triceratops horridus and Pachycephalosaurus wyomingensis 
(Butler et al. 2008). 
First known occurrence: Sinemurian, Early Jurassic (Owen 1861; Barrett & Maidment 2011). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Marsh 1889). 
Support: 36 (0-->1), 157 (0-->1), 265 (1-->0), 273 (0-->1), 311 (1-->0), 416 (1-->0): 
36. Buccal emargination of the maxillary tooth row (*also present in heterodontosaurid ornithischian taxa) 
157. Primary ridge on lingual side of dentary teeth (*also present in some heterodontosaurid ornithischian 
taxa) 
265. Manual length accounts for less than 0.3 of the total length of humerus plus radius 
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273. All manual unguals blunted distally in to rounded hooves 
311. Loss of the acetabular antitrochanter in the ilium 
416. Astragalus and calcaneum are not co-ossified (*a reversal of the primitive ornithoscelidan state) 
 
Thyreophora Nopsca, 1915 
Current definition: All genasaurians more closely related to Ankylosaurus magniventris than to 
Parasaurolophus walker, Triceratops horridus or Pachycephalosaurus wyomingensis (Butler et al. 
2008). 
First known occurrence: Sinemurian, Early Jurassic (Owen 1861). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Brown 1908). 
Support: 57 (0-->1), 116 (0-->1), 125 (0-->1), 142 (0-->1), 233 (1-->0), 241 (1-->0), 317 (2-->0), 398 
(1-->2), 408 (0-->1), 433 (1-->0), 448 (0-->1), 449 (0-->1): 
57. Anterior ramus of the jugal that is wider than deep 
116. Cortical remodelling of the surface of skull dermal bone 
125. Anterior end of the dentary tooth row is downturned 
142. Possession of 18 or more dentary teeth (*also in some theropods and most sauropodomorphs) 
233. Loss of sternal plates 
241. Possession of a subcircular coracoid that lacks a postglenoid process 
317. Absence of an obturator process on the ischium 
398. Inner malleolus of the distal end of the tibia extends further distally than the outer malleolus (*the 
opposite condition to that seen in all other ornithischian taxa) 
408. Presence of a dorsally expanded process on the posterolateral portion of the tibial facet that is 
expanded into a distinct, raised process (=posterior ascending process) 
433. Fusion of distal tarsals to proximal ends of metatarsals is absent (*optimised as a reversal) 
448. Possession of a parasagittal row of dermal osteoderms on the dorsum of the body 
449. Possession of a lateral row of keeled dermal osteoderms on the dorsum of the body 
 
Neornithischia 
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Current definition: All genasaurians more closely related to Parasaurolophus walkeri than to 
Ankylosaurus magniventris or Stegosaurus stenops (Butler et al. 2008). 
First known occurrence: Possibly Hettangian, Early Jurassic (Butler 2005, also see Chapter 2). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Marsh 1889). 
Support: 28 (0-->1), 71 (0-->1), 87 (0-->1), 136 (1-->0), 218 (0-->2), 234 (0-->1), 291 (0-->1), 305 (0-
->1): 
28. Fossa present along sutural line of the nasals (*also present in Heterodontosaurus tucki) 
71. No contact between the dorsal process of quadratojugal and the descending process of the squamosal 
87. Paroccipital processes extend ventrally or ventrolaterally 
136. No ridge or process on the lateral surface of surangular, anterior to the jaw suture (*optimised as a 
reversal) 
218. Articular surface of the first primordial sacral rib is rectangular in lateral view 
234. Humerus longer than the scapula (*although not the condition in Psittacosaurus) 
291. Dorsal portion of the iliac body (blade above the supraacetabular crest/rim) is markedly taller than 
the portion between the supraacetabular crest/rim and the articulations with the pubis and ischium 
305. Supraacetabular crest is absent 
 
Unnamed clade 
(Dracoraptor hanigani + Neotheropoda) 
First known occurrence: Norian, Late Triassic (Fraas 1913). 
Last known occurrence: Extant clade. 
Support: 9 (0-->1), 15 (0-->1), 33 (0-->1), 38 (0-->1), 45 (1-->0), 192 (0-->1), 193 (0-->1), 232 (0--
>1), 317 (0-->1) 
 
Unnamed clade 
(Liliensternus liliensterni + Neotheropoda) 
First known occurrence: Norian, Late Triassic (Fraas 1913). 
Last known occurrence: Extant clade. 
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Support: 330 (1-->2) 
 
Unnamed clade 
(Sarcosaurus woodi + Neotheropoda) 
First known occurrence: Norian, Late Triassic (Fraas 1913). 
Last known occurrence: Extant clade. 
Support: 344 (0-->1), 353 (2-->1), 358 (0-->1) 
 
Neotheropoda Bakker, 1986 
Current definition: Coelophysis, Neornithes, their most recent common ancestor and all descendants 
(Sereno 1998). 
Revised definition: The least inclusive clade that includes Coelophysis bauri and Passer domesticus.  
First known occurrence: Norian, Late Triassic (Fraas 1913). 
Last known occurrence: Extant clade. 
Support: 296 (0-->1), 373 (1-->0): 
296. Small groove/notch/incision present on posterior margin of the postacetabular process 
373. Symmetrical fourth trochanter (*a reversal of the primitive condition for the clade that contains 
dinosaurs and herrerasaurs) 
 
Coelophysoidae Nopsca, 1928 
Current definition: All ceratosaurs closer to Coelophysis than to Carnotaurus (Sereno 1998). 
Revised definition: The least inclusive clade that includes Coelophysis bauri and Procompsognathus 
triassicus (sensu Sereno 1998).  
First known occurrence: Norian, Late Triassic (Fraas 1913). 
Last known occurrence: Possibly Toarcian, Early Jurassic (You et al. 2014). 
Support: 85 (0-->1), 126 (1-->0), 209 (1-->0), 332 (1-->2), 415 (0-->1): 
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85. Ventral process of the squamosal narrower than one-quarter of its length (*also occurs in 
sauropodomorphs, some ornithischians and Eoraptor lunensis) 
126. Dorsal and ventral margins of the dentary along the posterior two thirds of the dentary tooth row 
converge anteriorly 
209. Possession of 12-14 dorsal vertebrae (*a reduction from the primitive 15 dorsal vertebrae, possibly due 
to the incorporation of some anterior dorsal vertebrae in to the cervical region of the axial column) 
332. Two openings (= obturator foramen) in the body of the pubis  
415. Astragalus is ‘roller shaped’ 
 
Unnamed clade  
(Zupaysaurus rougieri + Averostra) 
First known occurrence: Norian, Late Triassic (e.g., Arcucci & Coria 2003). 
Last known occurrence: Extant clade. 
Support: 13 (1-->0), 26 (1-->0), 49 (0-->1), 55 (0-->1), 60 (1-->0), 68 (0-->1), 174 (0-->1,2), 198 (0--
>1), 345 (1-->0) 
 
Unnamed clade 
(Dracovenator regenti + Averostra) 
First known occurrence: Hettangian-Sinemurian, Early Jurassic (Olsen & Galton 1984; Yates 2005). 
Last known occurrence: Extant clade. 
Support: 161 (1-->0) 
Averostra Paul, 2002 
Current definition: Ceratosaurus nasicornis, Allosaurus fragilis and all the descendants of their most 
recent common ancestor (Ezcurra & Cuny 2007; Langer et al. 2010). 
First known occurrence: Pliensbachian-Toarcian, Early Jurassic (Allain et al. 2007). 
Last known occurrence: Extant clade. 
Support: 26 (0-->1), 49 (1-->2): 
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26. Positioned on the rim of, or inside, the narial fossa (*present in most theropods, but optimised as an 
averostran synapomorphy here because of an apparent reversal just stem-ward of Averostra) 
49. Anteroposteriorly shortened dorsal crest on the skull (*reduced from the dorsoventrally elongated crests 
seen in taxa like Dilophosaurus wetherilli) 
 
‘Ceratosaur clade’ 
Support: 199 (0-->1), 201 (2-->3), 214 (0-->1), 286 (0-->1), 323 (1-->2), 353 (0,1-->2), 376 (0-->2), 
389 (1-->2) 
Note: further work is needed to clarify the in an outgroup relationships of the averostran theropods 
looked at in this study. 
 
‘Megalosaur clade’ 
Support: 124 (0-->1), 313 (0-->1), 318 (1-->0), 331 (0-->1), 353 (0,1-->2), 355 (1-->2), 359 (0-->1), 
396 (0-->1) 
Note: further work is needed to clarify the in an outgroup relationships of the averostran theropods 
looked at in this study. 
 
Sauropodomorpha von Huene, 1932 
Current definition: The most inclusive clade that includes Diplodocus carnegii but not Passer 
domesticus, Triceratops horridus or Herrerasaurus ischigualastensis (see Chapter 3: Table 3.1). 
First known occurrence: Either Anisian, Middle Triassic (see Nesbitt et al. 2013; Chapter 6), or 
Carnian, Late Triassic (e.g., Langer et al. 1999; Martinez & Alcober 2009).  
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 9 (0-->1), 22 (0-->1), 24 (0-->1), 25 (0-->1), 34 (0-->1), 85 (0-->1), 86 (1-->0), 146 (0-->1), 
163 (1-->2), 171 (0-->1), 174 (0-->1), 175 (0-->1), 197 (1-->0), 226 (0-->1), 241 (1-->0), 258 (1-->0), 
390 (0-->1), 414 (0-->1), 427 (1-->0): 
9. Posterodorsal process of the premaxilla restricted to the ventral border of the external naris 
22. External naris extends posteriorly to overlie the maxilla 
24. Level of the anterior margin of the external naris lies posterior to the midlength of the premaxillary 
body 
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25. Level of the posterior margin of the external naris lies posterior to the first maxillary alveolus 
34. Strong inﬂection (= notch) at the base of the ascending ramus of the maxilla creating an anterior 
ramus of the maxilla with parallel dorsal and ventral margins 
85. Ventral process of the squamosal narrower than one-quarter of its length (*also in some theropods – 
see above) 
86. Ventral process of the squamosal forms more than half of the caudal border of the lower temporal 
fenestra 
146. Premaxillary tooth crowns at least moderately expanded above root 
163. Enlarged and coarse (lower density) denticles on maxillary and dentary crowns (*convergent with 
ornithischians) 
171. Maxillary and dentary crowns mesiodistally expanded above root in cheek teeth (*also convergent 
with ornithischians) 
174. Maxillary tooth row ends at the anterior rim of the orbit 
175. Presence of some conical, often unserrated tooth crowns in the tooth rows 
197. Absence of prezygaodiapohyseal lamina on the cervical vertebrae 
226. Postzygapophyses in proximal caudal vertebra placed on either side of the caudal end of the base of 
the neural spine without any interpostzygapophyseal notch (*reversed in plateosaurians) 
241 Possession of a subcircular coracoid that lacks a postglenoid process 
258. Olecranon process not greatly enlarged 
390. Posterolateral margin of the distal end of the tibia appears concave in distal view 
414. Astragalar body is strongly asymmetric, medial margin is at least 1.4 times as deep as lateral margin 
(*asymmetry is reduced in derived sauropodiforms) 
427. Metatarsal III roughly equal to or shorter than 50% of tibial length 
  
Guaibasauridae Bonaparte et al., 1999 
Current definition: All archosaurs more closely related to Guaibasaurus candelariensis than to 
Carnotaurus sastrei or Saltasaurus loricatus (Ezcurra 2010). 
Revised definition: The most inclusive clade that includes Saturnalia tupiniquim and Guaibasaurus 
candelariensis but not Diplodocus carnegii, Herrerasaurus ischigualastensis or Passer domesticus.  
First known occurrence: Carnian, Late Triassic (e.g., Langer et al. 1999). 
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Last known occurrence: Possibly Rhaetian, Late Triassic (Fraser et al. 2002; Ezcurra 2010). 
Support: 18 (0-->1), 33 (0-->1), 83 (0-->1), 162 (0-->3), 250 (0-->1), 294 (1-->2), 300 (2-->1), 303 (1-
->0), 343 (0-->1): 
18. Oval shaped and dorsoventrally shallow premaxilla (*convergently acquired in some theropods) 
33. Rostrolateral surface of the maxilla, between the ventral border of the antorbital fossa and the 
alveolar margin, pierced by a small foramen (*convergent in a number of other taxa – see above) 
83. Anteroposterior elongation of the supratemporal fenestrae (*also convergently acquired in most 
theropods and many more derived sauropodomorphs) 
162. Multiple anterior dentary teeth are recurved and enlarged relative to other dentary teeth 
250. Square or rectangular deltopectoral crest in which the proximal and distal margins are straight and 
oriented perpendicular to the shaft (*also present in some massopodylids and Jingshanosaurus xinwaensis) 
294. Caudal margin of the postacetabular process that is trapezoidal, with a clearly demarcated 
trapezoidal area for muscle attachment 
300. Straight ventral margin of the acetabulum (*an apparent reversal of the primitive dinosaurian 
condition) 
303. Ischiadic peduncle is indistinct from the main body of ilium/is continuous with distal portion of the 
acetabular wall 
343. Distal portion of the fibula is expanded up to 2 times the anteroposterior width of the mid-shaft and 
forms a knob-like swelling, rather than a distinct boot that is over 2 times the width of the shaft 
 
Plateosauromorpha fam. nov. 
(Pantydraco caducus + Plateosauria) 
Definition: The most inclusive clade that includes Diplodocus carnegii but not Saturnalia tupiniquim, 
Guaibasaurus candelariensis or Passer domesticus.  
First known occurrence: Either Anisian, Middle Triassic (see Nesbitt et al. 2013; Chapter 6), or 
Norian, Late Triassic (e.g., Yates 2003). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 40 (0-->1), 60 (1-->0), 127 (1-->0), 168 (0-->1), 287 (0-->1), 434 (1-->0), 444 (0-->1): 
40. Dorsoventral extension of the lacrimal antorbital fossa is restricted to the ventral half of the bone 
60. Absence of a ridge dividing the lateral surface of the jugal 
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127. Absence of a transverse groove (sulcus, external mandibular groove) running along the dentary 
beneath and parallel to tooth row (*a reversal, convergent to the similar absence in herrerasaurians) 
168. Weak recurvature present in majority of maxillary and dentary teeth 
287. Triangular and pointed preacetabular process of the ilium 
434. Distal articular surface of metatarsal IV broader than deep and nearly symmetrical 
444. Deep, abruptly tapering, with flattened sides and a narrow ventral surface (*convergent with the 
condition in later sauropodiforms) 
 
Plateosauria Tornier, 1913 
Definition: The least inclusive clade that includes Plateosaurus engelhardti and Diplodocus carnegii. 
First known occurrence: Either Anisian, Middle Triassic (see Nesbitt et al. 2013; Chapter 6), or 
Norian, Late Triassic (e.g., von Meyer 1837). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 383 (1-->2), 425 (0-->1): 
383. Cnemial crest of tibia present and curved anterolaterally (*could alternatively be a dinosaurian 
autapomorphy that is lost in some basal sauropodomorph taxa) 
425. Medial distal tarsal articulates distally with metatarsals II and III 
 
Plateosauridae Marsh, 1895 
Current definition: The most inclusive clade that includes Plateosaurus engelhardti but not 
Diplodocus longus (Yates 2007b). 
First known occurrence: Norian, Late Triassic (e.g., von Meyer 1837). 
Last known occurrence: Possibly Early Jurassic (e.g., Bai et al. 1990). 
Support: 20 (1-->0), 22 (1-->0), 33 (0-->1), 35 (0-->1), 36 (0-->1), 65 (0-->1), 170 (0-->1), 413 (0--
>1), 434 (0-->1): 
20. Ventral margin of the narial fossa surrounding the external nares on the lateral surface of premaxilla 
closely approaches the ventral margin of the premaxilla  
22. External naris entirely overlies the premaxilla and does not overlie the maxilla in any way (*a reversal 
of the primitive sauropodomorph condition) 
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33. Rostrolateral surface of the maxilla between the ventral border of the antorbital fossa and the alveolar 
margin is pierced by a small foramen (*apparently a convergence with a similar condition observed in 
silesaurids) 
35. Sharp longitudinal ridge present on the maxilla (*convergent to the condition in a number of other 
dinosaurian taxa) 
36. Buccal emargination of the maxillary tooth row (*also convergent to the condition in a number of other 
dinosaurian taxa) 
65. Jugal–postorbital articulation is a short butt joint 
170. Medial/lateral overlap of adjacent crowns in maxillary and dentary teeth 
413. Astragalus lacks a posterior groove (*possibly a primitive sauropodomorph condition later reversed in 
massopodan taxa) 
434. Distal articular surface of metatarsal IV is deeper than broad (or as broad as it is deep) and 
asymmetrical (*an apparent converge with the condition seen in most theropods) 
 
 
Massopoda Yates, 2007b 
Current definition: The most inclusive clade that contains Saltasaurus but not Plateosaurus 
engelhardti. 
First known occurrence: Either Anisian, Middle Triassic (see Nesbitt et al. 2013; Chapter 6), or 
Norian, Late Triassic (e.g., Bonaparte 1967). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 3 (0-->1), 5 (0-->1), 15 (0-->1), 30 (1-->0), 68 (0-->1), 161 (1-->2), 178 (0-->1), 209 (1-->0), 
215 (0-->1), 220 (0-->1), 241 (0-->1), 254 (0-->1), 255 (1-->0), 278 (1-->2), 311 (1-->0), 408 (0-->1), 
432 (0-->1): 
3. Skull length shorter than two-thirds of the femoral length 
5. Premaxilla with an inflection at the base of the anterodorsal process 
15. Fossa-like depression positioned on the premaxilla-maxilla boundary (*convergently acquired in some 
theropods) 
30. Triangular antorbital fenestra (*more primitive sauropodomorphs possess a more oval or circular fossa) 
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68. Ratio of minimum depth of jugal below the orbit to the distance between the anterior end of the jugal 
and the anteroventral corner of the infratemporal fenestra is greater than or equal to 0.2 (*in some derived 
massopodans this ratio approaches or exceed 1) 
161. Markedly heterodont dentintion with clearly distinct types of teeth present (*convergent with the 
condition seen in many ornithischian taxa) 
178. Anteriorly inclined/procumbent teeth in the anterior portion of the dentary 
209. Possession of 12-14 dorsal vertebrae (*a reduction from the primitive 15, presumably due to the 
incorporation of the caudal-most dorsal in to the sacrum as a dorsosacral) 
215. Presence of an “insertion” vertebrae between the primordial sacral (*lost in more derived 
massopodans – see below)  
220. Anteroposterior length of first caudal centrum is much less than its height 
241. Coracoid possesses a postglenoid process and a related notch ventral to the glenoid 
254. Fossa present on the posterodorsal surface of the proximal portion of the humerus, just below the 
proximal edge 
255. Maximum transverse expansion of the distal end of the humerus greater than 50% the maximum 
transverse expansion of the proximal humerus 
278. Ventrolateral twisting of the transverse axis of the distal end of the first phalanx of manual digit one 
relative to its proximal end so that the proximodorsal lip is aligned with the central region of medial 
ligament pit of the distal condyle (*the degree of twisting becomes less extreme in some more derived 
massopodans – see below)  
311. Loss of the acetabular antitrochanter in the ilium  
408. Presence of a dorsally expanded process on the posterolateral portion of the tibial facet that is 
expanded into a distinct, raised process (=posterior ascending process) (*apparently a convergence with the 
condition seen in some non-dinosaurian dinosauromorphs) 
432. Proximal articular surface of metatarsal II is hour-glass shaped 
 
Massospondylidae von Huene, 1914 
Current definition: The most inclusive clade containing Massospondylus but not Plateosaurus 
engelhardti or Saltasaurus (Sereno 2007). 
First known occurrence: Norian-Rhaetian, Late Triassic (e.g., Bonaparte 1972). 
Last known occurrence: Probably Early Jurassic (e.g., Smith & Pol 2007). 
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Support: 29 (0-->1), 91 (0-->1), 103 (1-->0), 105 (0-->1), 128 (0-->1), 164 (0-->1), 172 (0-->1), 250 
(0-->1), 318 (0-->1), 367 (0-->1), 388 (0-->1), 438 (1-->0): 
29. Internal antorbital fenestra is reduced to less than 10% of skull length, or is absent completely 
91. Posttemporal foramen/fossa forms a notch or foramen in the dorsal margin of the paroccipital process 
and is enclosed dorsally by the squamosal 
103. Absence of an anterior tympanic recess on the lateral side of the braincase (*possibly a primitive 
dinosauromorph condition, present in many sauropodomorphs but is apparently reversed in massospondylids) 
105. Plate-shaped basal tubera 
128. Articular glenoid of the mandible located well ventral of the dorsal margin of the dentary 
164. Serrations along the mesial and distal carinae of the teeth restricted to the upper half of the crown 
(*also the condition in many more derived sauropodomorphs) 
172. Presence of wear facets across multiple maxillary/dentary teeth (*a similar condition exists in many 
ornithischian taxa)  
250. Square or rectangular deltopectoral crest in which the proximal and distal margins are straight and 
oriented perpendicular to the shaft (*also present in guaibasaurids and Jingshanosaurus xinwaensis) 
318. Notch present in the proximal portion of the ventral margin of the ischium 
367. Anterior trochanter is close to the lateral margin of the femoral shaft (*possibly a massopodan 
synapomorphy as it is also a condition seen in sauropodiforms – see below) 
388. Dorsoventrally oriented crest present (= fibular crest) present on the lateral side of the proximal 
potion of the tibia (*also appears convergently in guaibasaurids and ornithoscelidans) 
438. Metatarsal V longer than 50% of the length of metatarsal III 
 
Sauropodiformes McPhee et al. 2014 
Current definition: The most inclusive clade containing Saltasaurus but not Massospondylus (McPhee 
et al. 2014). 
First known occurrence: Norian-Rhaetian, Late Triassic (e.g., McPhee et al. 2014). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 62 (0-->1), 77 (0-->1), 82 (1-->0), 106 (0-->1), 146 (1-->0), 196 (0-->1), 204 (0-->1), 208 (1-
->0), 210 (1-->2), 211 (0-->1), 215 (1-->0), 216 (0-->1), 219 (0-->1), 236 (0-->1), 255 (0-->1), 259 (0-
->1), 262 (2-->3), 272 (1-->0), 278 (2-->1), 352 (0-->1), 354 (0-->1), 367 (0-->1), 372 (0-->1), 441 (0-
->1): 
223 
 
62. Anterior extent of the slot for the quadratojugal on the jugal is at or anterior to the posterior edge of 
the dorsal process of the jugal (*also present in a number of theropods but not in any ornithischians) 
77. Anteroventrally oriented quadrate 
82. Short and broad frontals (*an apparent reversal of the primitive dinosauromorph condition) 
106. Basipterygoid processes oriented entirely ventrally (*also present in some massospondylid taxa) 
146. Crowns of premaxillary teeth are unexpanded mesiodistally above the root so that no distinction 
between roots and crowns are observable 
196. Height of the hyposphenes in the cervical and dorsal vertebrae is equal to or greater than the height 
of their respective neural canals 
204. Short and stout cervical ribs 
208. Parapophyses do not contact with the centrum in vertebrae caudal to the twelfth presacral element 
(*an apparent reversal of a plateosaurian synapomorphy) 
210. Possession of four or more sacral vertebrae (*convergently acquired in ornithischians) 
211. Sacral centra at least partially co-ossified 
215. Absence of an “insertion” vertebra between the first and second primordial sacrals 
216. Possession of a single dorsosacral vertebrae (*potentially a massopodan synapomorphy, as this 
condition is also present in Adeopapposaurus mognai) 
219. Possession of a caudosacral  
236. Minimum width of the scapula is more than 20% of its length 
255. Width of distal end of the humerus is greater than 30% of humerus length 
259. Possession of a radial fossa on the ulna (*fossa becomes very deep and well-developed in derived 
sauropodiforms) 
262. First metacarpal is broader proximally than it is proximodistally long 
272. Extensor pits on the metacarpals are absent or very poorly developed (*a reversal of the primitive 
condition seen in dinosaurs and herrerasaurs) 
278. Ventrolateral twisting of the transverse axis of the distal end of the first phalanx of manual digit I 
relative to its proximal end so that the proximodorsal lip is aligned with dorsal margin of medial distal 
condyle (*a greater degree of twisting is seen in massospondylids and in some other, more basal 
sauropodomorphs) 
352. Straight femur with no anterior bowing observable when viewed in medial/lateral aspect 
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354. Femur with an elliptical cross section; shaft of femur is broader mediolaterally than 
anteroposteriorly 
367. Anterior trochanter is close to the lateral margin of the femoral shaft 
372. A fourth trochanter that is positioned at or distal to the midlength of the femoral shaft 
441. Sub-quadrangular non-terminal phalanges of the pes  
 
Unnamed clade 
(Aardonyx celestae + Antetonitrus ingenipes + Sauropoda) 
First known occurrence: Norian-Rhaetian, Late Triassic (e.g., McPhee et al. 2014). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 4 (0-->1), 136 (1-->0), 145 (2-->1), 153 (0-->1), 164 (0-->1), 193 (1-->0), 206 (1-->0), 260 
(0-->1), 351 (2-->1), 378 (1-->0), 383 (2-->1), 397 (1-->0), 414 (1-->0) 
 
Unnamed clade 
(Aardonyx celestae + Lessemsaurus sauropoides) 
Support: 201 (0-->1), 210 (1-->1), 219 (1-->0), 367 (1-->0) 
 
Unnamed clade  
(Antetonitrus ingenipes + Sauropoda) 
First known occurrence: Norian, Late Triassic (McPhee et al. 2014). 
Last known occurrence: (e.g., Lacovara et al. 2014). 
Support: 197 (0-->1), 205 (1-->2), 255 (1-->0), 285 (0-->1), 297 (1,2-->0), 301 (1-->2), 341 (0-->1), 
390 (1-->0), 438 (1-->0) 
 
Unnamed clade  
(Antetonitrus ingenipes + Leonerasaurus taquetrensis) 
Support: 163 (1,2-->0), 245 (0-->1), 289 (0-->1) 
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Sauropoda Marsh, 1878 
Current definition: The least inclusive clade containing Vulcanodon and Eusauropoda (Salgado et al. 
1997). 
First known occurrence: Norian-Rhaetian, Late Triassic (e.g., Buffetaut et al. 2000). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
Support: 187 (0-->1), 200 (1-->0), 235 (0-->1), 287 (1-->4), 291 (0-->1), 305 (0-->1), 329 (0-->1), 
421 (0-->1), 429 (1-->0), 444 (0-->1): 
187. Cervical vertebrae 4-9 are at least slightly opisthocoelous or heterocoelous 
200. Angle formed between chords running along the pre- and postzygapophyses on anterior-to-middle 
cervical vertebrae is 40 degrees or more (*for a description of how to measure this angle correctly see 
section 7.2.2.2) 
235. Scapula blade height/length is more than 3 times distal width 
287. Preacetabular process of the ilium is elongated and dorsoventrally deep along its entire length, and is 
essentially continuous with the arched dorsal margin of the iliac body 
291. Dorsal portion of the iliac body (blade above the supraacetabular crest/rim) is markedly taller than 
the portion between the supraacetabular crest/rim and the articulations with the pubis and ischium 
305. Supraacetabular crest is absent 
329. Pubis plate is more than 40% of the pubic shaft length (*also appears in Xingxiulong chengi and some 
non-dinosaurian dinosauriforms) 
421. Distal tarsals that do not ossify 
429. Both metatarsals I and V subequal or greater in diameter than metatarsals II–IV 
444. Ungual of pedal digit I is deep, abruptly tapering, with flattened sides and a narrow ventral surface 
 
Eusauropoda Upchurch, 1995 
Current definition: The least inclusive clade containing Shunosaurus and Saltasaurus (Upchurch et al. 
2004). 
First known occurrence: Norian-Rhaetian, Late Triassic (e.g., Buffetaut et al. 2000). 
Last known occurrence: Maastrichtian, Late Cretaceous (e.g., Lacovara et al. 2014). 
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Support: 199 (1-->0), 360 (1-->0): 
199. Well developed, tall laminae on the neural arches of the cervical vertebrae  
360. Anterior trochanter of the femur absent (*certainly a loss of the trochanter that is seen in most 
sauropodomorphs) 
 
 
 
Systematic Palaeontology 
 
ARCHOSAURIA, Cope, 1869 
AVEMETATARSALIA Benton, 1999 
DINOSAURIA Owen, 1842 
SAUROPODOMORPHA von Huene, 1932 
 
Plateosauromorpha fam. nov. 
Definition: The most inclusive clade that includes Diplodocus carnegii but not Saturnalia tupiniquim, 
Guaibasaurus candelariensis or Passer domesticus.  
This clade is erected to contain all sauropodomorph taxa that share a more recent common ancestor 
with the plateosaurids, massospondylids and sauropodiforms than guaibasaurids. Currently this clade 
includes all members of Plateosauria, as well as a number of basal forms like Pantydraco caducus, 
Thecodontosaurus antiquus and Efraasia minor. Other taxa that may also belong to this broader clade 
include the South African species Plateosauravus cullingworthi, the North American species Seitaad 
ruessi and the Indian species Nambalia roychowdhuri, as well as others.  
 
7.4 Discussion The trees that are recovered in this chapter largely concur with the trees recovered in 
the analyses of Chapters 3-6, with the exception of the positions of a few taxa in relation to the major 
nodes (Dinosauria, Ornithoscelida etc.). Additionally, a few taxa are positioned in radically different 
places within the tree, following re-appraisal of the material, the addition of new taxa and the addition 
of new characters and character states. Some of these results concur with the finds of other studies, 
while others do not. In this discussion I explore the tree topologies that are recovered on this larger 
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analysis and the key points of contention between these results and other works. In addition, the 
implications of the newly presented tree for our understanding of early dinosaur evolution are 
discussed. 
 
7.4.1 Tree Structure. The trees presented herein support a version of the ‘Ornithoscelida-Saurischia’ 
(= Ornithoscelida-Pachypodosauria [Holtz 2017]) model of early dinosaur evolution and 
interrelationships, with Ornithischia recovered in a position closer to theropod dinosaurs, rather than 
as an outgroup to theropods + sauropodomorphs. The term ‘Saurischia’, as discussed in Chapters 5 
and 6, no longer can be applied to any group under this hypothesis, without causing unwanted 
taxonomic nomenclatural problems. Under this hypothesis, the first dichotomy within Dinosauria 
separates the ‘saurischians’ from the ‘ornithoscelidans’, just as in Chapter 3: however, in the new 
trees, the ‘saurischian’ lineage comprises sauropodomorphs only, and the ornithoscelidan lineage 
contains more than Ornithoscelida sensu stricto. As in Chapters 5 and 6, Herrerasauria is recovered 
outside of Dinosauria, making ‘Saurischia’ in its traditional sense a paraphyletic assemblage.  
Dinosauria contains Sauropodomorpha (as defined in Chapter 3) and a clade containing Ornithoscelida 
and a handful of ‘basal theropods’, such as Tawa hallae. To remove the problems that this new 
topology would have on the current taxonomic nomenclature, I hereby propose making a slight 
alteration to the definition for Theropoda that was proposed in Chapter 3 (and followed in Chapters 4–
6). Above, I list a revised definition for Theropoda (as well as a number of other clades), and a 
summary of this new scheme if given below (section 7.4.1.1). For Theropoda, I now propose reverting 
to a more ‘traditional’ definition, which will result in the inclusion of Ornithischia and Ornithoscelida 
within Theropoda, should this new hypothesis be accepted. This new definition encompasses all taxa 
within Dinosauria that are not part of the ‘sauropodomorph’ lineage. Hence, Dinosauria comprises 
Theropoda and Sauropodomorpha in this hypothesis, with Ornithischia falling within Theropoda for 
the first time. The names previously given to this hypothesis are therefore no longer suitable and 
should be abandoned (i.e., Ornithoscelida-Saurischia and Ornithoscelida-Pachypodosauria [Holtz 
2017] are redundant). I suggest a simpler set of informal names for the competing hypotheses of 
dinosaur evolution: 1. ‘Ornithischia out’ model – for the traditional model that places Ornithischia 
outside of Theropoda and Saurischia; 2. ‘Ornithischia in’ model – for the new hypotheses of Chapter 3 
and similar results, in which Ornithischia is placed as sister to (Chapter 3), or within (this Chapter), 
Theropoda; 3. ‘Silesauridae in’ model – for the scheme proposed by Ferigolo and Langer (2007) and 
supported by the analysis of Cabreira et al. (2016), in which Silesauridae forms the sister-taxon to 
Ornithischia, which together for the sister taxon to ‘Saurischia’.    
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7.4.1.1 Cladistic Definitions 
 
Table 7.2 Cladistics definitions for the major clades, with rewordings and new definitions given to ensure 
consistency and stability through future works. blue = stem-based; black = node-based. 
Avemetatarsalia The most inclusive clade containing Aves but not Crocodylia (Benton 1999; 
Nesbitt et al. 2017) 
Ornithodira The least inclusive clade containing Pterodactylus antiquus and Passer 
domesticus (Nesbitt 2011) 
Dinosauromorpha The most inclusive clade containing Pterodactylus antiquus but not Passer 
domesticus (Sereno 2005; Nesbitt 2011) 
Dinosauriformes The least inclusive clade containing Passer domesticus and Marasuchus 
lilloensis (Sereno 2005; Nesbitt 2011) 
Silesauridae The most inclusive clade containing Silesaurus opolensis but not Passer 
domesticus, Triceratops horridus, or Marasuchus lilloensis (Langer et al. 2010; 
Nesbitt 2011) 
Unnamed clade* The most inclusive clade containing Passer domesticus and Triceratops 
horridus but not Silesaurus opolensis or Marasuchus lilloensis 
Herrerasauria The most inclusive clade containing Herrerasaurus ischigualastensis but not 
Passer domesticus, Triceratops horridus or Diplodocus carnegii NEW 
Dinosauria  The least inclusive clade containing Passer domesticus, Diplodocus carnegii 
and Triceratops horridus (Chapter 3) 
Sauropodomorpha The most inclusive clade containing Diplodocus carnegii but not Passer 
domesticus, Triceratops horridus or Herrerasaurus ischigualastensis (Chapter 
3) 
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Guaibasauridae The most inclusive clade containing Saturnalia tupiniquim and Guaibasaurus 
candelariensis but not Diplodocus carnegii, Herrerasaurus ischigualastensis or 
Passer domesticus NEW 
Plateosauromorpha The most inclusive clade containing Diplodocus carnegii but not Saturnalia 
tupiniquim, Guaibasaurus candelariensis or Passer domesticus NEW 
Plateosauria The least inclusive clade containing Plateosaurus engelhardti and Diplodocus 
carnegii (sensu McPhee et al. 2014) 
Massopoda The most inclusive clade containing Diplodocus carnegii but not Plateosaurus 
engelhardti (sensu McPhee et al. 2014) 
Massospondylidae The most inclusive clade containing Massospondylus carinatus but not 
Plateosaurus engelhardti or Diplodocus carnegii (sensu Sereno 2007) 
Sauropodiformes The most inclusive clade containing Diplodocus carnegii but not 
Massospondylus carinatus (sensu McPhee et al. 2014) 
Sauropoda The least inclusive clade containing Vulcanodon karibaensis and Diplodocus 
carnegii (sensu Salgado et al. 1997) 
Theropoda The most inclusive clade containing Passer domesticus but not Diplodocus 
carnegii NEW 
Ornithoscelida The least inclusive clade containing Passer domesticus and Triceratops 
horridus (Chapter 3) 
Neotheropoda The least inclusive clade containing Passer domesticus and Coelophysis bauri 
NEW 
Coelophysidae The least inclusive clade containing Coelophysis bauri and Procompsognathus 
triassicus (sensu Sereno 1998)  
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Averostra The least inclusive clade containing Ceratosaurus nasicornis and Allosaurus 
fragilis (sensu Ezcurra & Cuny 2007; Langer et al. 2010) 
Ornithischia The most inclusive clade containing Triceratops horridus but not Passer 
domesticus or Diplodocus carnegii (Chapter 3) 
 
 
7.4.2 Positions of Key Taxa: Comparisons with Pervious Works. As stated above, the positions 
recovered for many taxa in this study differ from those of previous analyses, both within this thesis 
(e.g., Chapter 3) and in other works (e.g., Ezcurra 2010; Nesbitt 2011). Some taxa that have previously 
proved to be difficult to place phylogenetically, now seem to lie in relatively stable positions within 
the new framework presented in this thesis; Eoraptor lunensis has, for example, remained as a basal 
theropod throughout the various analyses in Chapter 3–6, and is recovered in this position again here. 
Other taxa, such as the enigmatic Pisanosaurus mertii have not remained stable and have changed 
position in the tree since the original analysis in Chapter 3, largely based upon new observations of the 
holotype material. Other taxa, such as Agnosphitys cromhallensis, have also changed positions within 
the tree since the results of Chapter 3, but this, in contrast to examples such as Pisanosaurus, has 
occurred following a decision to treat the hypodigm differently (i.e., certain elements have been 
excluded based upon doubts about its association); this is also true of the material previously assigned 
to Nyasasaurus parringtoni (see Chapter 6). Three taxa that are most notable for being the source of 
disagreement in the literature, Eoraptor, Guaibasaurus and Pisanosaurus are each discussed in more 
detail below, and support for their current positions in this hypothesis is given for each.   
 
7.4.2.1 Eoraptor lunensis. Originally placed within Theropoda (Sereno et al. 1993), Eoraptor lunensis 
has, in the years since its discovery, proved to be a difficult taxon to place within the dinosaurian tree. 
Undoubtedly a very primitive member of the dinosaurian lineage, Eoraptor possesses a range of 
anatomical features that make it hard to assign to any particular branch within Dinosauria over the 
others. It could be argued that as an early and basal taxon, Eoraptor could be closest thing we have to 
a ‘common ancestor’ to at least some of the major dinosaur lineages that appeared in the Triassic, and 
that many of the features of its anatomy that appear similar to features present in members of the 
various dinosaurian clades represent the ancestral or ‘primitive’ conditions for those clades. This 
might go some way to explaining why Eoraptor has moved around the tree in recent works, and 
continues to divide opinion over where it fits phylogenetically; cladistic methods only group 
organisms based upon shared features, and so if a dataset happens to have more anatomical characters 
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that capture the ‘sauropodomorph-like’ features of Eoraptor than characters that capture ‘theropod-
like’ features, then the results of any parsimony-based analyses using such a dataset would favour a 
sauropodomorph affinity for this taxon, over a theropod one, and vice versa. After its original referral 
to Theropoda (Sereno et al. 1993), Martinez et al. (2011) recovered Eoraptor as a basal 
sauropodomorph, a claim later supported by Sereno et al. (2013). Nesbitt (2011) recovered Eoraptor 
as a member of Theropoda, but later, using an updated version of the same dataset, Nesbitt and 
Ezcurra (2015) found it as the sister taxon of all ‘other sauropodomorphs’. In Chapter 3 I recovered 
Eoraptor as the basal-most theropod, as part of a monophyletic Ornithoscelida. The analyses in this 
chapter have recovered Eoraptor as a theropod once more. However, in this chapter, the phylogenetic 
analyses of the expanded dataset from Chapter 3 recover Eoraptor as part of a grade of early 
theropods that fall stem-ward of, and lead up to, Ornithoscelida. A novel result is the recovery of a 
sister-taxon relationship between Eoraptor and the contemporaneous Eodromaeus murphi, which 
together form a clade that is the sister taxon of Ornithoscelida. This group is also recovered a being 
more derived within Theropoda than Tawa hallae and Daemonosaurus chauliodus. Features that unite 
Eoraptor with theropods, according to the analyses in this work, include a sharp longitudinal ridge on 
the maxilla, and diastema between the premaxillary and maxillary tooth rows, absence of a sub-narial 
foramen (contra Sereno et al. 2013), a jugal that does not contribute to the antorbital fenestra, the 
possession of at least one dorsoscaral vertebra, a ventrally bowed humerus, possession of a ridge 
connecting the posterior portion of the supraacetabular crest to the postacetabular process of the ilium, 
and a tibia that is longer than the femur and that is mediolaterally broadened in its distal end.   
  
7.4.2.2 Guaibasaurus candelarienses. Like Eoraptor, Guaibasaurus candelariensis has also moved 
between the theropod and sauropodomorph lineages within Dinosauria. In the original description of 
this taxon, Bonaparte et al. (1999) noted the fact that this taxon possesses features similar to those of 
both early theropods and early sauropodomorphs (‘Prosauropoda’), and went on suggest a possible 
ancestral, anagenetic relationship between guaibasaurids and saurischians. Subsequent studies have 
placed Guaibasaurus in a clade with basal sauropodomorph taxa like Saturnalia tupiniquim (e.g., 
Ezcurra 2010), while others have regarded the taxon as a theropod (e.g., Langer et al. 2011). A recent 
phylogenetic analysis by Cabreira et al. (2016) placed Guaibasaurus outside of ‘Eusaurischia’ as part 
of a grade at the base of ‘Saurischia’ that also included a range of other early dinosaur taxa, such as 
the herrerasaurids, Tawa, Daemonosaurus and Eodromaeus. In Chapter 3 I recovered Guaibasaurus as 
a basal sauropodomorph, close to Saturnalia (sensu Ezcurra 2010). In this Chapter, following the 
inclusion of a greater range of early sauropodomorphs, theropods and other dinosauriforms, I recover 
Guaibasaurus within a monophyletic Guaibasauridae (sensu Ezcurra 2010), which contains 
Buriolestes shultzi (contra Cabreira et al. 2016), Panphagia protos, Pampadromaeus barberenai, 
Agnosphitys cromhallensis (sensu Ezcurra 2010), Saturnalia tupiniquim and Chromogisaurus novasi. 
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As the clade Saturnaliinae is currently defined – the least inclusive clade that includes Saturnalia and 
Chromogisaurus (Ezcurra 2010) – it would become synonymous with Guaibasauridae, based upon the 
main results of the analyses in this chapter. Features of anatomy that support the placement of 
Guaibasaurus within the basal sauropodomorph clade Guaibasauridae include a deltopectoral crest 
that is square/rectangular in profile, a medioventral acetabular wall that almost fully closes the ilium 
and a postacetabular process of the ilium that is trapezoidal in lateral view and bears a trapezoidal 
rugose area for muscle attachment.   
 
7.4.2.3 Chindesaurus bryansmalli. Another ‘saurischian’ taxon that has proved relatively unstable in 
previous phylogenetic analyses is the North American putative herrerasaur Chindesaurus bryansmalli. 
Nesbitt et al. (2007) claimed that the herrerasaurian affinities of Chindesaurus could not be 
substantiated based upon the known material that they considered to belong to the taxon (some 
material in the original hypodigm was discounted in their study due to uncertainties about association); 
Irmis et al. (2007) recovered it as a close relative of Herrerasaurus ischigualastensis, as did Sues et al. 
(2011). However, the analysis of Cabreira et al. (2016) found Chindesaurus to be a ‘non-
eusaurischian’ member of ‘Saurischia’, more derived than herrerasaurids and Daemonosaurus. In 
Chapter 3 I recovered Chindesaurus as member of Herrerasauridae. In this chapter, I obtain the same 
result. This position is potentially supported by the possession of mid-caudal vertebral centra that are 
less than twice the height of their proximal faces and possession of an anteriorly straight cnemial crest.  
 
7.4.2.4 Pisanosaurus mertii. Ever since its initial discovery (Casamiquela 1967), Pisanosaurus mertii 
has been considered to represent the oldest known member of Ornithischia (Bonaparte 1976; Novas 
1989; Weishampel and Witmer 1990; Sereno 1991; Norman et al. 2004; Langer 2004; Langer & 
Benton 2006; Butler et al. 2007, 2008; Irmis et al. 2007; Ezcurra 2010; Nesbitt 2011; Boyd 2015; also 
see Chapters 2 and 3). However, Pisanosaurus is known only from a single partial, poorly preserved 
specimen (PVL 2577) and many features of its anatomy are very difficult to interpret. Many of the 
‘classic’ diagnostic features of Ornithischia, such as the presence of a predentary bone and the 
possession of retroverted pubis (opisthopubic pelvis), are not assessable in the holotype specimen due 
to its highly incomplete nature, and much of the dentition is eroded to such a degree that confirming 
the presence of certain ornithischian dental characters is also impossible. Further complicating matters, 
some studies that considered Pisanosaurus have not regarded all of the elements that are preserved in 
the holotype specimen as belonging to the same individual or taxon (Sereno 1991; Norman et al. 
2004). It has been argued that the forelimb elements do not belong with the rest of the material in the 
holotype (Sereno 1991) and it has also been pointed out by some previous studies that the only 
anatomical characters that could suggest a position within Ornithischia for Pisanosaurus are found 
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exclusively in the fragmentary skull and dental material (e.g., the contribution of the dentary to the 
coronoid process of the lower jaw [Sereno 1991; Norman et al. 2004; Irmis et al. 2007]). There is also 
an apparent contradiction in the phylogenetic signals given by the cranial and postcranial remains of 
Pisanosaurus, as the cranial elements and teeth appear similar to those of some derived ornithischians 
(Norman et al. 2004), while the postcranial elements appear much more ‘primitive’ (Norman et al. 
2004; Irmis et al. 2007). In fact, it has even been stated previously that the postcranial remains of 
Pisanosaurus lack any synapomorphies of Dinosauria, not just of Ornithischia, suggesting that this 
material may represent a non-dinosaurian dinosauromorph (Norman et al. 2004). For the most part, I 
agree with this assessment. This apparent difference between the phylogenetic signals that are 
provided by the cranial and postcranial elements might be considered evidence that the holotype 
material of Pisanosaurus might be a chimaera that is composed of elements from individuals of 
different taxa. However, the observed character incongruence between different elements or regions of 
the body does not constitute sufficient evidence to regard a taxon as a chimaera, as pointed out by 
Irmis et al. (2007) in their study of Triassic ornithischians. Other studies, such as that of Nesbitt 
(2011), have considered all of the material in PVL 2577 as belonging to the same taxon and have 
recovered Pisanosaurus within Ornithischia. However, Nesbitt (2011) scored a number of 
‘ornithischian character states’ as being present in Pisanosaurus that are not assessable from the 
material (e.g., the presence of a retroverted pubis). In this chapter, the enlarged phylogenetic analyses 
recover Pisanosaurus as a member of Silesauridae (Figures 7.2 and 7.5); much like Technosaurus 
smalli (Irmis et al. 2007), it appears that this Triassic taxon may have been mistakenly identified as an 
early ornithischian because of its tooth morphology, when it is in fact a silesaurid dinosauromorph. 
According to these new results, many of the ‘ornithischian-like’ dental characters that are present in 
Pisanosaurus are actually convergent with true ornithischian dentition. This hypothesis is supported 
by the presence of unambiguous silesaurid features such as teeth that are ankylosed to the jaws 
(Nesbitt et al., 2010; Nesbitt, 2011), which this study has found to be present in Pisanosaurus (Figure 
7.5). 
 
Figure 7.5. The silesaurid affinities of Pisanosaurus mertii. (A), topology recovered within Silesauridae in the 
phylogenetic analyses; (B), PVL 2577, left maxilla of Pisanosaurus mertii in lateral view with close-up of the 
ankylosed dentition (= (01) Character 155 of this chapter).  
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7.4.3 The Ornithischian Crisis. The most striking aspect of the results presented here is the fact that, 
following the removal of Pisanosaurus mertii from Ornithischia, we now must face that fact that there 
appear to be no valid Triassic ornithischians from anywhere in the world.  
A recent revision of some of the key events within the early stages of dinosaur evolution has suggested 
that portions of the Elliot Formation of South Africa and Lesotho appear to have been ‘misidentified’ 
by previous studies. Some localities once thought to be located within the Late Triassic lower Elliot 
Formation, including that yielding the ornithischian Eocursor parvus, are now suggested to pertain to 
the upper Elliot, and should be regarded as Early Jurassic in age (Olsen et al. 2010). Moreover, the 
affinities of the putative heterodontosaurid material from the Laguna Colorada Formation of Patagonia 
in Argentina (Baez & Marsicano 2001) are also doubtful; the material is highly fragmentary and 
difficult to assign to Ornithischia with confidence. The formation that this specimen comes from is 
also of questionable age (Pol & Powell, 2007; Olsen et al. 2010). Hence, it is also likely that this 
specimen does not represent a Triassic heterodontosaurid. 
The complete absence of ornithischians from the Triassic cannot be accounted for under any current 
hypothesis and we are therefore left with a substantial and inexplicable ghost lineage for this major 
clade of dinosaurs (Figure 7.6).  
 
 
Figure 7.6. Simplified version of the tree topology recovered in this analysis showing the position of 
Ornithischia within Theropoda and the substantial ghost lineage still predicted for Ornithischia, when we 
consider the complete absence of any valid Triassic ornithischian taxa. Note: the term ‘Saurischia’ is used 
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informally to refer to the non-ornithoscelidan lineage within Ornithischia (sensu Chapter 3). black arrow = 
Ornithoscelida.  
 
7.5 Conclusion. The mains results of this Chapter concur those presented in Chapters 3-6 in terms of 
the tree topologies recovered for Dinosauria. The addition of new taxa, revision of existing characters 
and character states, and the addition of new characters, has resulted in a slightly altered tree structure 
to that originally presented in Chapter 3. Most crucially, Ornithoscelida now falls within Theropoda 
and ‘Saurischia’ breaks down; Herrerasauria, as in Chapter 5, is recovered outside of Dinosauria, 
according to the new definition of the clade. The resultant trees produced in this chapter offer new 
ways in which to think about the origin, interrelationships and evolution of the major subsidiary 
dinosaurian clades and further evidence for the main idea being advanced in this work – that the 
traditional model of dinosaur interrelationships is fundamentally flawed and needs substantial revision. 
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Chapter 8 
Discussion and future directions 
 
8.1 Discussion. The work presented in this thesis constitutes the first serious challenge in the modern 
era to the general consensus regarding the interrelationships within the clade Dinosauria. Furthermore, 
the results presented in Chapters 3–7 force critical re-evaluation of many aspects of early dinosaur 
evolution, palaeobiology and palaeobiogeography, and have generated many new lines of enquiry. In 
Chapter 7 I presented the largest and most comprehensive character dataset of early dinosaurs ever 
assembled, which now offers a unique tool for use in future works on the phylogeny of dinosaurs and 
provides a foundation upon other works can build and expand. So far the dataset has, to some degree, 
provided new solutions to many of the previously outstanding questions surrounding dinosaur origins, 
anatomy and interrelationships, including a number of questions about the most obscure of the three 
major subsidiary dinosaurian clades, Ornithischia. However, despite this, many questions about the 
earliest stages of dinosaur evolution remain unanswered and it is apparent from the findings of this 
body of work that a lot of work still needs to be done before an holistic model of this key event in the 
history of life gains a degree of stability. Among these outstanding questions, the most striking 
surrounds the origin of the Ornithischia. As shown in Chapter 7, it is now apparent, based upon the 
evidence gathered and presented in this work, that there are no known ornithischian taxa from the 
Triassic Period. Why one of the three main constituent clades within Dinosauria would be entirely 
absent from the Triassic is a question that cannot be easily answered using any of the traditional 
models of early dinosaur evolution, and this forces us to consider the possibility that we still do not yet 
fully grasp the reality of Ornithischia’s true place within Dinosauria. In Chapter 4 I present a 
phylogeny that suggested that Chilesaurus diegosuarezi may actually represent one of the earliest 
diverging ornithischians and that its melange of theropod and ornithischian characters hints at its 
‘transitional’ nature. I also note that certain elements of the anatomy of Chilesaurus do appear to be 
much more like those seen in derived theropods that fall within, or close to the base of, Averostra. 
Averostra, much like Ornithischia, appears to be exclusively Jurassic-Cretaceous, and it begs the 
question of whether these observations are coincidental or are related to one another, and to the results 
recovered in Chapters 4 and 7. One direction that future studies may also take, in addition to simply 
building upon the dataset with more anatomical characters and more taxa, is using the dataset to 
explore the possibility that phylogeny, rather than anything else, holds the answer to the question of 
why we do not have any Triassic ornithischians in the fossil record.    
 
8.1.1 Expanding Upon and Further Testing the Early Dinosaur Dataset. To build upon the results 
presented in this thesis, the most logical next step would be to continue adding taxa and anatomical 
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characters to the early dinosaur dataset presented in Chapter 7. Ultimately, a fully comprehensive 
anatomical dataset of all known and valid Triassic and Early Jurassic dinosaurs and other 
dinosauromorphs could be assembled using this dataset as a foundation. Further expansion could be 
achieved through the addition of younger, better nested taxa, which could act as exemplar 
representatives of many of the key derived dinosaur clades, such as Eusauropoda, Tetanurae, Cerapoda 
and Thyreophora. In particular, in order to further explore the phylogenetic position of Chilesaurus 
and potentially find out why it has previously been recovered within Tetanurae (Novas et al. 2015), a 
number of well-known Jurassic members of Averostra (ceratosaurian and tetanuran theropods) could 
be added to the dataset, continuing on from the additions made in Chapter 7 (e.g., Elaphrosaurus 
bambergi, Megalosaurus bucklandii etc.).  
Another area in which the dataset may be expanded upon in future works is through an increase in the 
sampling of avemetatarsalians that traditionally fall outside of Dinosauromorpha, including members 
of Pterosauromorpha (Padian 1997) and Aphanosauria (Nesbitt et al. 2017).  
In addition to new taxa, there is also scope for the addition of new characters and character states to 
the dataset. As the range of taxa is increased it may prove useful to draw in additional characters from 
other studies of dinosaur phylogeny and also to create new ones to ensure that the full range of 
anatomical feature presented by early dinosaurs is captured. As with taxon sampling, growth of the 
dataset in this respect would hopefully result in more accurate and better resolved trees being 
recovered in future studies.  
Beyond expansion of the dataset, another way in which future works may continue to build upon the 
finds that I have presented in this thesis, and further explore the implications of the newly proposed 
framework of dinosaur evolution, is through further testing of the dataset using other analytical 
methods. The analyses of Chapters 3-7 use equal and implied-weights implementation of parsimony, 
and do not test how robust the newly proposed hypotheses are to probabilistic methods, such as 
Bayesian maximum-likelihood analyses. Future works may use this method, over parsimony, to test 
the dataset further and permit alternative ways of probing some of the outstanding questions 
concerning early dinosaur evolution, including the timing and geographic setting of the origin of 
dinosaurs. Two such studies are already in an advanced state of preparation (Parry, Baron & Vinther, 
in prep; Lee et al., in prep.) and have gone some of the way towards testing the new dataset in novel 
ways; for example, the question of whereabouts in Pangea, according to the current fossil record, is the 
most likely ancestral area for dinosaurs is being explored by myself and others in a collaborative 
effort. The latter study, currently in review, addresses the question of where we would expect the 
dinosaurs’ centre of origin to be geographically, using tip-dated, dynamic biogeographic modelling. 
While this work is outside the scope of this thesis, the results obtained are mentioned in brief herein, 
as they highlight the utility of the new dataset and the ways in which it can used (Figure 8.1). 
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Figure 8.1. The phylogeny of early dinosaurs recovered by a tip-dates Bayesian biogeographic analysis. This 
tree was produced using the outputs of an analysis carried out as part of a submitted manuscript co-authored by 
Michael Lee, Matthew Baron, David Norman and Paul Barrett, using the dataset presented in Chapter 3, with 
ancestral areas for each node analysed probabilistically. Note the recovery of a southern South America ancestral 
area for Dinosauria, despite the suspicions outlined in Chapters 3 and 6.  
 
Further works may continue to use such methods to explore many other aspects of early dinosaur 
evolution, including further exploring the ideas presented in Chapter 6, regarding the role of taxa like 
Nyasasaurus parringtoni in this debate. 
 
8.1.2 Could Phylogeny Account for the Lack of Triassic Ornithischians? One of the most striking 
and important questions about early dinosaur evolution that has arisen from this thesis is how it could 
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be possible for Ornithischia to be absent from Triassic Period altogether, as suggested by the results of 
Chapter 7.  An interesting line of enquiry that future works may wish to pursue is determining the 
extent to which phylogeny holds the answer (as an alternative to taphonomy- or palaeobiogeography-
based explanations that have been proposed previously)  
The ‘traditional’ hypothesis, that Ornithischia and Saurischia are sister-taxa, assumes that these clades 
diverged from one another at the onset of dinosaur cladogenesis and therefore have the same origin in 
time and space. Such a model implies that ornithischians and saurischians have existed for the same 
length of time and that both should have fossil records that span the same set of geological 
subdivisions prior to their extinction. However, it has been noted for many years that this is not what 
we observe and that Ornithischia has a relatively depauperate early fossil record (Parker, 2005; Butler 
et al., 2007, 2008; Irmis et al., 2007; Irmis, 2011; Nesbitt, 2011; Padian, 2013). Furthermore, reviews 
of many putative early ornithischians have revealed that many taxa previously assigned to Ornithischia 
are not in fact ornithischians, or even dinosaurs (e.g., Parker et al., 2005; Irmis et al., 2007) and a 
recent summary of ornithischians from the Triassic Period by Irmis et al. (2007) concluded that as few 
as three specimens could be confidently assigned to the clade from this particular time in Earth’s 
history; the study by Irmis et al. (2007) found that only Pisanosaurus mertii (Casamiquela, 1967; 
Bonaparte, 1976), a specimen that would later be named Eocursor parvus (Butler et al. 2007) and an 
unnamed heterodontosaurid specimen from Argentina (Baez & Marsicano, 2001) are the only 
ornithischians known from the whole of the Triassic Period, a result that is shocking in itself. 
However, Chapter 7 of this study refutes this find and demonstrates that actually no ornithischian taxa 
are known from the Triassic period, further compounding the puzzle of their inexplicable rarity. 
It may be argued that we do not still fully grasp the true positon of Ornithischia within Dinosauria and 
that the hypotheses suggested by previous works (e.g., Langer & Benton 2006) and those presented in 
Chapters 3 and 7 are not strictly accurate. It may be the case that, given the relative rarity of early 
ornithischians, and the bizarre and highly derived nature of their bauplan, true phylogenetic signal is 
lost in any of these analyses and that parsimony based algorithms do not generate results that 
accurately reflect the true phylogeny of early dinosaurs in this regard. We have already observed that 
by broadening the taxonomic sample it has been possible to recover Ornithischia as a clade nested 
within Theropoda (as opposed to a sister-taxon relationship with Theropoda) and this trend may 
continue. By building up the dataset with additional taxa and characters, and through the 
implementation of different phylogenetic reconstruction methods, as discussed above, future works 
might arrive at a hypothesis that places Ornithischia in a fairly derived position within the redefined 
clade Theropoda (see definitions give in Chapter 7).  
There is some anatomical evidence that could support a more derived positon for Ornithischia within 
Theropoda, and the recovery of Chilesaurus, once thought to be a derived theropod, as a ‘transitional 
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taxon’ between Ornithischia and Theropoda (Chapter 6), might provide further evidence for such a 
hypothesis (Figures 8.2-8.4). One of these hypotheses might help to explain why we have yet to 
discover any unambigous ornithischians in the Triassic, and why they are so rare, relative to members 
of the other dinosaurian lineages, in the earliest stages of dinosaur evolution. They may simply have 
diverged a much later date than previously assumed. 
 
  
Figure 8.2. Phylogenetic hypotheses that may better explain the depauperate early ornithischian fossil record. 
Hypothesis 1 is similar to that which was recovered by the analyses of Chapter 7 in which Ornithischia (and 
therefore Ornithoscelida) actually falls within Theropoda (as newly defined); Hypothesis 2 would place 
Ornithischia within Neotheropoda, as either sister to, or more derived than, coelophysids; Hypothesis 3 would 
position Ornithischia as close to, or possibly even within Averostra, which is a clade of theropods that are, like 
ornithischians, restricted to the Jurassic and Cretaceous.  
 
All of the hypotheses outlined in figure 8.2 offer an elegant solution to the problem of ornithischian 
rarity in the Early Jurassic, but only hypothesis 3 can fully explain why Ornithischia is apparently 
absent from the Triassic altogether (Figures 8.3 and 8.4) 
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Figure 8.3. Phylogenetic hypothesis in which Ornithischia is more derived within Theropoda than coelophysids. 
In this scenario the predicted ghost lineage for Ornithischia would be much shorter than traditional models and 
might help to explain why there might be fewer ornithischians in latest Late Triassic and Early Jurassic than 
sauropodomorphs and ‘other theropods’. We would expect there to still be representatives of Ornithischian in the 
Rhaetian of the Late Triassic in this hypothesis, because the non-coelophysid neotheropods are known from this 
Stage, for example Zupaysaurus rougieri. black arrow = Ornithoscelida, as defined in Chapter 3; grey arrow = 
Neotheropoda. 
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<Figure 8.4. Phylogenetic hypothesis in which Ornithischia is positioned as the sister-taxon of Averostra. In this 
scenario the predicted ghost lineage for Ornithischia would disappear altogether.  The clade Ornithoscelida 
would exclusively comprise Ornithischia and Averostra, neither of which appear until the Early Jurassic. 
Anatomical characters that could possibly unite such a clade include: the possession of six or more sacral 
vertebrae, as in heterodontosaurids and taxa like Elaphrosaurus bambergi; fusion of the sacral neural spines into 
a broad and continuous sheet, as in Lesothosaurus diagnosticus and Megalosaurus bucklandii; strong recurvature 
of the manual unguals; absence of a trochanteric shelf on the femur; fusion of the dorsolateral trochanter to the 
lesser (= anterior trochanter) of the femur; and even epaxial ossified tendons on the dorsal vertebrae, as in most 
ornithischians and also in the ceratosaur Spinostropheus gautieri. It also must be noted that this position for 
Ornithischia is almost identical to that which was originally suggested for Chilesaurus diegosaurezi (Novas et al. 
2015), a taxon found to be a possible ‘transitional ornithischian’ in Chapter 4. black arrow = Ornithoscelida, as 
defined in Chapter 3; grey arrow = Neotheropoda. 
 
While currently no current hypothesis has been recovered using modern cladistics methods that 
recover topologies similar to those outlined in Figures 8.2-8.4, nor clearly answers the main question 
surrounding the early ornithischian record, it could be possible that it is the evolutionary history of 
Ornithischia and its position within Dinosauria that are responsible for the poor quality of the fossil 
record, in both the Late Triassic and Early Jurassic. This is something that can be tested by future 
works, using the new early dinosaur dataset presented in this thesis as a foundation.  
 
8.1.3. The First Feathers. In addition to testing the phylogenetic and palaeobiogeographic hypotheses 
that are proposed in parts of this work, other concepts that future workers may wish to further test 
using the newly presented dataset include those of early dinosaur anatomy, functional morphology and 
palaeobiology. One such example is the origin of feathers and feather-like structures within the 
avemetatarsalian lineage. In Chapter 3, I briefly touched upon the potential implications for the origin 
of feathers that my novel hypothesis of dinosaur interrelationships might have; I proposed that we 
ought to consider the possibility that feather-like structures are ancestral to Ornithoscelida, and not 
Dinosauria, as previously suggested (Godefroit et al. 2014), but did not test this hypothesis in a 
quantitative way. Given that members of the ornithodiran lineage Pterosauromorpha have also been 
found with feather-like integument (e.g., Wang et al. 2002), there remains much ambiguity around 
origin of feathers in the bird-line of Archosauria (Barrett et al. 2014) and this can now be tested in a 
new evolutionary framework. As well as the origin of feathers, further works can also investigate ideas 
about early dinosaur diet and feeding strategies, implementing the larger dataset of Chapter 7 to 
quantitatively assess the conclusions of Chapter 3 on this subject – that the ancestral dinosaur was 
most likely an omnivore and that hypercarnivory evolved independently in at least two dinosaurian 
lineages.   
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8.2 Conclusions. At a fundamental level, the main result of this work is that no hypothesis, no matter 
how old and well established, should be accepted as the final word on any subject, and that taking a 
fresh look at existing material can have real value when it comes to improving our understanding of 
the natural world. The traditional scheme of dinosaur classification may yet prove to be correct, but 
the alternative hypothesis suggested herein will hopefully help to reframe many important debates 
surrounding dinosaur origins and it will offer new lines of evidence in the search for the true 
phylogeny of this clade of iconic vertebrates. The results presented herein generate as many new 
questions as they potentially answer and much work remains to be done. With time, however, 
competing hypotheses can be synthesised and disagreements over the materials and methods used by 
past and future studies can be settled. Ultimately, this work should lead to the compilation of the first 
truly comprehensive anatomical dataset of early dinosaurs that will in turn provide us with key 
insights in to how this clade first appeared, evolved and, eventually, come to dominate Mesozoic 
terrestrial environments and persist until today. 
 
 
 
 
 
 
 
 
 
 
“So the poor palaeontologist searching for answers is 
therefore, in the origin of the dinosaurs, confronted with 
complexity where he had hoped for simplicity. . .’’  
- Cox 1976 
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